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Abstract
The Mars 2020 rover Perseverance will search for signs of past habitability and
biosignatures after landing in Jezero Crater in February 2021. Spectroscopy is a vital tool for
planetary remote sensing and Perseverance is equipped with Mastcam-Z, a stereoscopic,
zoom-enabled, multispectral imager that can acquire true color images with red, green, and blue
(RGB) color filters, and visible- to near-infrared images with 12 narrowband science filters
between 400 and 1100 nm. Mastcam-Z will provide operational support for the rover as well as
directly contribute to Perseverance’s geologic investigations. Given the integral role of
Mastcam-Z in the Mars 2020 mission, calibration and validation of Mastcam-Z is crucial. In this
study, spectra of a collection of terrestrial rock samples, lab-manufactured color targets, and
other image assessment targets, collectively known as the Geoboard, collected by Mastcam-Z
during calibration are compared to hyperspectral laboratory data of the same targets collected
at Western Washington University (WWU). Comparison of lab and calibration data largely
validates the radiometric calibration of Mastcam-Z, but the broadband color filters are less
reliable than the scientific narrowband filters, and specific filters occasionally yield anomalous
reflectance data. After landing, many of materials Mastcam-Z will image will have dust coatings
and/or weathering rinds, but the spectral and photometric properties of coated materials is
relatively understudied. Given the ubiquity of ferric dust and basaltic sand on Mars, basaltic
sand coated in ferric material will likely be encountered by Mastcam-Z, but no photometric
studies of ferric coatings on sand grains have been previously reported. This study simulates
such coatings by adhering pure nanohematite to a Mars-analog basalt sand and comparing the
spectra of coated and uncoated sands over a suite of viewing geometries. The addition of a
nanohematite coating has the largest effect on the visible wavelength ranges (~380 to 750 nm)
particularly in the ultraviolet and violet range (~400 nm) where nanohematite has a strong
absorption feature. Above about 1000 nm, the spectra of the coated and uncoated sands are
nearly identical, even where the spectrum of nanohematite deviates from the spectrum of the
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substrate sand. Collectively, these results help validate Mastcam-Z and prepare for its
observations of coated sands and other geologic materials on the surface of Mars when
Perseverance lands.
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Introduction to spectroscopy on Mars
As the planet closest to Earth, Mars has always held a fascination for scientists and
civilians alike, and the search for life on Mars has come a long way. Relatively low resolution of
the early images of the Martian surface led to a variety of speculation around the existence of
Martian civilizations and even extensive canal systems on Mars, which inspired such science
fiction work as “The Martian Chronicles” by Ray Bradbury (1950). As the quality of images of the
Martian surface increased in resolution, it became apparent that the great civilizations of Mars,
as we imagined them, did not exist. But as we put satellites in Mars’ orbit, and landers and
rovers on its surface, we discovered that life on Mars may once have been possible. That life
did not build global systems of canals and it will not exist as transcendent orbs of light and
consciousness, but the geologic and mineralogic history of Mars indicates the presence of liquid
water, and the potential for life, on the surface of the Red Planet during its early history.
The Perseverance rover of the Mars 2020 mission lands on Mars at Jezero Crater in
February 2021 to investigate science goals that revolve around the search for signs of past
habitability and preserved biosignatures. The Mars 2020 rover mission is built on the
discoveries of the Mars Exploration Rovers (MER) Spirit and Opportunity and the Mars Science
Laboratory (MSL) Curiosity that indicate the presence of liquid water on the surface and in the
subsurface of Mars. In pursuit of evidence of past life, the Mars 2020 mission’s goals are to: (1)
characterize the geologic processes that shaped Jezero crater and the delta within it, an
astobiologically relevant site, (2) perform investigations pertinent to potential past life on Mars to
determine habitability and search for biosignatures, (3) collect a cache of samples intended for
return to Earth in a future mission, and (4) prepare for human exploration of Mars. To address
these goals, Perseverance is equipped with a variety of instruments including a remarkable 23
cameras. Among these instruments, Mastcam-Z, a 14-channel spectral imager aboard
Perseverance, will provide support to these overarching goals of the Mars 2020 mission directly

through spectroscopic data to characterize geology and by assisting other rover functions, such
as navigation, through spectral and color images.
Mastcam-Z is a set of zoomable multispectral imagers mounted on the remote sensing
mast of the Mars 2020 Perseverance Rover (landing in February 2021) that are designed to
provide support for the Perseverance rover’s science goals surrounding the search for signs of
past habitability and preserved biosignatures in Jezero Crater on Mars. Mastcam-Z has three
broadband color filters for red, green, and blue (RGB) in the visible spectrum (~380-750 nm
and 11 unique narrowband filters between 400 and 1000 nm that produce full-color and visiblenear infrared (VNIR) multispectral images to support Perseverance’s science goals through
three primary functions: (1) characterization of geomorphology, geologic processes, and the
geologic record of the Martian surface, (2) assessment of current atmospheric conditions and
observation of astronomical events and how they interact with the surface, and (3) provision of
operational support and scientific context for rover operations and other rover instrumentation.
The positions of the narrowband filters for Mastcam-Z were chosen to capture absorptions
relevant for Fe2+-bearing silicates (olivine, pyroxene), Fe3+-bearing alteration products including
iron oxides (such as hematite) responsible for color of the Red Planet and phyllosilicates, some
hydrated minerals (such as water ice and phyllosilicates), and an H2O / OH- absorption feature
near 1000 nm, all of which have implications in the search for evidence of liquid water and past
life. The design and functionality of Mastcam-Z is directly descended from Mastcam, the
spectral imager on the Mars Science Laboratory (MSL) Curiosity (2012 to current), and
Pancam, the spectral imagers aboard the Mars Exploration Rovers (MERs) Spirit (2004-2011)
and Opportunity (2004-2018) (Bell et al., in review).
Reflectance spectroscopy, whether on Earth or Mars, is dependent on the relative
geometries of the target, the light source, and the detector, which are collectively called the
viewing geometry. Viewing geometry is defined by a handful of variables: incidence angle,
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emission angle, azimuth angle, and phase angle. Incidence (i) and emission (e) angles are
reported relative to the normal of the surface being measured and represent the angular
difference between the light source and the detector, respectively. Azimuth (ϕ) is the angular
difference on a plane parallel to the target between the incident and emission angles. Phase
angle (g) is the angular difference between the incidence and emission angles. For Mastcam-Z
(and its predecessors Mastcam and Pancam), the incident light source is the sun and the
detector is the spectral camera mounted on the rover, though a detector can also be mounted
on a satellite, like the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)
mounted on the Mars Reconnaissance Orbiter.

Figure i: Schematic of incidence (i) and emission (e) angles, azimuth (ϕ), and phase angle (g). From
Hoza (2019).

In the lab, viewing geometry can be fixed using a proprietary contact probe (i = 12°, e =
35°, ϕ = 180°) or can varied using a goniometer, both of which are described in more detail in
Chapter 1. The Western Washington University automated, single-plane goniometer (Hoza,
2019) has a fixed azimuth of 180° with two arms controlled by stepper motors along a
backboard that control the incidence and emission angles. On the backboard, negative
incidence and emission angle are to the left of center and positive are to the right of center,
where the center is 0°. Hemispheric goniometers, which have alterable incidence and emission
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angles, like the planar goniometer, as well as alterable azimuth angles exist but geometries
must be altered by hand, which is labor intensive and time consuming. At the time of writing, Dr.
M. Rice of WWU has been working with First Mode, Inc. in Seattle to design and build an
automated hemispheric goniometer, the first of its kind, which will arrive at WWU early in 2021.
The ability of the goniometer to manipulate viewing geometry addresses existing
complexities in in situ measurements and provides an additional metric to characterize complex
materials. As addressed above, rover- and satellite-mounted spectrometers rely on the sun for
incident light, and emission angle depends on the relative position of the instrument and the
target. Given that lab data is often collected at a standard fixed geometry, the geometric
differences between fixed-geometry lab data and in situ data may complicate interpretation of in
situ spectra. Spectra collected with a goniometer over a suite of viewing geometries can
address the differences in spectra dependent on viewing geometries and provides a new
dimension to spectral data. Changes in the spectra of a material with viewing geometry relates
to how light reflects and scatters from a surface and is called scattering behavior. Materials can
be forward scattering, back scattering, or isotropic (Figure ii) and these behaviors can be
diagnostic. Forward scattering material reflects light most strongly at geometries forward (or
away) from the light source, backscattering materials reflect light most strongly back in the
direction of the light source, and perfectly isotropic material reflects light equally in all directions.

Forward scattering

Backscattering

Isotropic

Figure ii: Reflected light (green) can be preferentially scattered away from the light source (forward
scattering), back towards the light source (backscattering), or equally in all directions (isotropic).
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This study utilizes the goniometer to (1) collect spectra of Mastcam-Z calibration
materials at geometries representative of calibration viewing geometries, which allows for direct
comparison between lab and calibration data, and (2) to examine the photometric
characteristics of ferric-coated sands, a model of materials likely to be observed on Mars. A
thorough understanding of Mastcam-Z is a necessary prerequisite to interpreting data acquired
on Mars. Comparison of calibration spectra to lab spectra collected at geometries representative
of calibration geometries provides insight to systemic patterns in data collected with Mastcam-Z
so that patterns can be corrected for or, at least, acknowledged before data acquisition begins
on Mars. The use of lab data collected at geometries representative of those used in Mastcam-Z
calibration ensures that scattering behavior of the calibration materials are accounted for.
Additionally, the comparison of multiple data sets collected with the WWU goniometer, other
similar instruments at different labs, and Mastcam-Z also provides an opportunity to validate the
WWU planar goniometer and spectrometer.
One of the materials likely to be encountered by Mastcam-Z is basaltic sand coated in
ferric dust, both of which are ubiquitous on Mars’ surface (Bishop et al., 2002, p. 2002; Ehlmann
& Edwards, 2014; Malin & Edgett, 2000; McSween & Keil, 2000; Morris, 2004; O’Connell‐
Cooper et al., 2017; Sullivan et al., 2008). Though spectroscopy is highly utilized in remote
sensing, the behavior of impure and coated materials is becoming a more active area of study
to allow for better interpretation of real, and complex spectral data. Most rocks, terrestrially and
otherwise, have rinds or coatings that represent a different composition and texture than the
interior rock (Dorn, 2013), and these rinds and coatings can mask the underlying rock or result
in a complex mixture of the coating and substrate material (Johnson et al., 2004) that is
dependent on the mineral composition, proportion of minerals in the mixture, the size of the
particles, the thickness of the coating and the opacity and albedo of the materials (Crown &
Pieters, 1987; Harloff & Arnold, 2001; Poulet & Erard, 2004). Particularly in the case of coatings
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and rinds, viewing geometry has an effect on the resulting spectra because the path length of
light through the coating varies depending on viewing geometry (e.g., Fischer & Pieters, 1993;
Johnson et al., 2004). With a better understanding of how spectra of coating and substrate
materials combine and vary with viewing geometry, scientists can better interpret spectral data
and use viewing geometry dependencies to their advantage when collecting in situ spectra.
Chapter 1 addresses the instrumentation used to measure spectra and attempts to
answer the following questions:
1. Does the WWU planar goniometer collect spectra consistent with itself and similar
instruments?
2. How accurately does Mastcam-Z’s 14-channel spectroscopy represent a variety of
natural lithologies and man-made materials compared to hyperspectral data of the same
samples at representative viewing geometries?
Chapter 2 examines the spectroscopy of a ferric coatings on basalt sand, a likely Mars lithology,
and on quartz sand, a relatively featureless lithology, and attempts to answer the following
questions:
1. Can the method for adhering nano-crystalline ferric oxide to quartz sand grains
presented in Scheidegger et al. (1993) be adapted for adherence to basalt sand grains?
2. How do the spectral parameters of reflectance, band center and depth, and slope
change between uncoated and coated sands?
3. How do spectral features for coated and uncoated sands change with viewing
geometry?
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Chapter 1: Mastcam-Z Calibration
1.1 Background – motivation and previous work
1.1.1 Mastcam-Z
Mast Camera, Zoom (Mastcam-Z or MCZ) is an instrument that consists of two zoomable CCD cameras (‘eyes’) that are mounted on the Remote Sensing Mast of the Mars 2020
rover (Figure 1.1). Each camera of Mastcam-Z has a filter wheel that consists of 8 filters,
including a clear filter through which “true color” images can be acquired, a set of geology filters
ranging from 400-1100 nm with band centers optimized to detect iron-bearing and some
hydrated minerals, and a solar filter that can be used to image the sun and the atmosphere.
Mastcam-Z has 6 geology filters on each eye with 14 unique spectral band centers including the
3 broad color bands from true color images and 11 unique narrowband science filters in the
visible and near-infrared (VNIR) range (400-1100 µm wavelengths). Band centers and the
weighted spectral response for each filter are seen in Figure 1.2 and Table 1.1 (Bell et al., 2020;
Hayes et al., 2020).

Mastcam-Z is directly descended from spectral imagers Mastcam (Bell et al., 2017),
aboard the Curiosity rover (2012 to current), and Pancam (Bell et al., 2003), aboard the Spirit
and Opportunity rovers (2004 to 2011 and 2004 to 2018, respectively). Mastcam-Z is
significantly based on the successful Mastcam instrument but with slight modifications to filter
locations and an added zoom function that will improve the stereoscopic imaging, navigation,
and allow greater accuracy in Mastcam-Z’s support of Perseverance’s instrument and tool
placement. The zoom function also enables operators to view fine-scale features in near-field
rocks at a higher pixel density. The progression of Pancam to Mastcam brought changes
including magnet sweeps on the calibration targets to help clear dust; refinement of filter band
centers; and a modification of color filters from narrowband red and blue filters to broadband
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red, green, and blue (RGB) color Bayer filters for accurate color imaging, all of which were also
brought forward into Mastcam-Z (Bell et al., 2003, 2017, 2020).

Primary (top) and
secondary (bottom)
calibration targets

B

C

Mastcam-Z

A

Figure 1.1: Artist rendition of the Perseverance rover showing the location of the Mastcam-Z instruments
on the rover mast and the location of the calibration target. Imagery from (A) NASA, (B) Arizona State
University, and (C) Buz et al. (2019).

The Mars 2020 rover Perseverance is the first rover to explicitly search for signs of past
microbial life on the surface of Mars and will, to that end, collect and cache samples for possible
return to Earth on future missions. Mastcam-Z will be an integral tool in determining drilling and
sampling locations related to the search for life on Mars. Though the design of Mastcam-Z is
similar to its predecessor, Mastcam on the Mars Science Laboratory Curiosity, the zoom
mechanism of Mastcam-Z and new narrowband filter wavelengths are designed to help support
three objectives for the Mars 2020 rover: (1) the characterization of the landscape and geologic
record (2) the assessment of the current atmosphere and atmospheric dynamics, and (3) the
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provision of support for other rover operations. Meeting these goals requires a thorough
understanding of how Mastcam-Z will image a variety of materials over a range of conditions.
Table 1.1: Mastcam-Z left (L) and right (R) filters and their effective band center wavelength calculated as
the weighted average of normalized spectral response for each filter. HWHM is the half-width of the
bandpass at half-maximum for each filter. L7 and R7 are for directly imaging the sun and are not
considered in this study (Bell et al., in review).

Filter Number

λeff ± HWHM (nm) L/R, respectively

L0/R0 (Red Bayer)

630 ± 43

631 ± 43

L0/R0 (Green Bayer)

544 ± 42

544 ± 42

L0/R0 (Blue Bayer)

480 ± 45

480 ± 45

L1/R1

800 ± 9

800 ± 10

L2/R2

754 ± 10

866 ± 10

L3/R3

677 ± 11

910 ± 12

L4/R4

605 ± 9

939 ± 12

L5/R5

528 ± 11

978 ± 10

L6/R6

442 ± 12

1022 ± 18

L7 (RGB) /R7

590 ± 88

880 ± 10

Figure 1.2: Normalized weighted spectral response for the Mastcam-Z filters. The L/R filters are Bayer R
(L/R0R), G (L/R0G), and B (L/R0B) filters for standard color imaging and have significantly wider
bandpasses than the narrow scientific filters, but are still used in scientific measurements at the band
centers in Table 1.1.
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With the goal of understanding how Mastcam-Z will image a range of materials in
different geometries, this study examines a variety of natural rock and human-made color
targets (the Geoboard targets, discussed below) imaged by Mastcam-Z during calibration and
examines them under a range of geometric conditions. This study uses the Western
Washington University (WWU) single-plane goniometer to recreate the geometries used during
calibration to collect spectral data of the Geoboard targets, and to recreate geometries used by
Buz et al. (2019) at the California Institute of Technology (Caltech) to analyze the Calibration
Targets (caltargets), which are a subset of Geoboard targets that were selected as the
calibration target material for Mastcam-Z mounted on Perseverance. The spectra of the
caltargets collected by Buz et al. (2019) will be referenced as the “Caltech spectra'' or “Caltech
dataset” throughout this study. The comparisons of the existing Mastcam-Z calibration spectra,
the Caltech spectra, and spectra collected with the WWU single-plane goniometer enables
evaluation of where Mastcam-Z will be successful in identifying spectral features, and where its
mix of narrow and broad band filters may provide misleading or incomplete information. This
knowledge will provide greater confidence in the interpretations of spectra data collected by
Mastcam-Z on Mars.

1.1.2 Geoboard and Caltargets
The Geoboard is a collection of rock samples, color targets, and other image analysis
targets used to calibrate Mastcam-Z. This study focuses on the rock samples and color targets,
which are highlighted in Figure 1.3. The Geoboard consists of: (1) Color standards, including a
set of color standards called the caltargets made by Lucideon and Avian technologies, and a set
of color standards made by Labsphere, both of which are utilized in this study. Additional color
standards include two Xrite ColorChecker calibration standards and flight spares of the primary
and secondary calibration targets that are mounted on Perseverance. (2) Cut and polished rock
slabs from the Athena Reference (AREF) collection used in the calibration of Pancam and
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Mastcam, the predecessors of Mastcam-Z, all of which are utilized in this study. (3) A new set of
rock samples that include Mars-relevant and spectrally interesting rocks, some of which are cut
and polished and some of which have naturally weathered surfaces, all of which are utilized in
this study. (4) Education and public outreach targets that are not included in this study. (5)
Standards related to image resolution and the stereo capabilities of Mastcam-Z that were not
used for this study.

Figure 1.3: Image of the GeoBoard used during Mastcam-Z calibration with labeled sample numbers.
Target labels correspond to the names and descriptions in Table 1.2. For scale, the grid of holes in the
board have 1 inch spacing.
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The set of 8 color standards known as the caltargets (short for calibration targets) have
been selected as the color standards for the Mars 2020 deck-mounted calibration targets and
will be repeatedly imaged by Mastcam-Z to calibrate the RGB/color and visible/near infrared
(VNIR) wavelength science images sent back to Earth from Mars. The integral role of MastcamZ in rover operations necessitates an in-depth understanding of the spectral behavior of its
calibration targets to ensure the fidelity of spectral data received from Mars from a variety of
geometric conditions. The caltargets include color standards of red, yellow, green, cyan, gray-33
(33% white), gray-70 (70% white), black, and white. The white target is AluWhite98, which is
made by Avian Technologies LLC (Sunapee, New Hampshire) and all other samples are
fabricated by Lucideon (Staffordshire, United Kingdom) (Buz et al., 2019).
Buz et al. (2019) analyzed the caltarget color standards using the Caltech hemispheric
goniometer to understand how the spectral signatures of the caltargets change with viewing
geometry. The Caltech hemispheric goniometer allowed Buz et al. (2019) to examine the
changes in targets’ spectral signatures with changes in azimuth, incidence, and emission
(Figure 1.4). In order to account for differences in filter density between Mastcam-Z (14 unique
spectral bands) and the hyperspectral ASD Field Spec 4 used in the Caltech hemispheric
goniometer, Buz et al. (2019) convolved the lab-collected data to simulate the spectral output of
Mastcam-Z. The Caltech spectra are compared to spectral data from the same 8 targets
collected at Western Washington University for this study and data extracted from Mastcam-Z
spectral images of the same targets during calibration at Malin Space Science Systems in 2019
(Hayes et al., in review). These comparisons will show differences between instrumentation as
well as document and validate the geometric dependencies of caltarget spectra.
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Table 1.2: Rocks and color standards on the Mastcam-Z Geoboard that were used in this study. Target
numbers correspond to labels shown in Figure 1.3.

Target
#
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Category

Description

1

Color standard

Labsphere grayscale standard targets

3

Color standard

Mars 2020 rover deck paint

4

Rock (cut and polished)

AREF 175 rock slab

6

Color standard

Mastcam-Z calibration target materials - caltargets

8

Rock (cut and polished)

AREF 082 rock slab

9

Rock (cut)

Carbonate-coated basalt breccia

10

Rock (natural surface)

Selenite gypsum vein

11

Rock (natural surface)

Weathered vesicular basalt

12

Rock (natural surface)

Welded tuff with black glass

15

Rock (natural surface)

Weathered Columbia River Basalt

16

Rock (natural surface)

Weathered Pilbara stromatolite

17

Rock (cut and polished)

AREF 414 rock slab (Banded Iron)

18

Rock (cut and polished)

AREF 146 rock slab

19

Rock (cut and polished)

AREF 225 rock slab

20

Rock (cut)

Sulfate/carbonate varve

21

Rock (natural surface)

Weathered vesicular basalt

22

Rock (cut)

Vesicular basalt

23

Color standard

Labsphere color standard targets

25

Rock (cut and polished)

Precambrian cross-bedded sandstone

27

Rock (cut and polished)

AREF 247 rock slab

28

Rock (cut and polished)

AREF 248 rock slab

A

B

Figure 1.4: From Hoza (2019). (A) The WWU single-plane goniometer. (B) Viewing geometry is defined
by incidence i, emission e, phase angle g, and azimuth angle 𝜙. (Hoza, 2019)

The Labsphere color targets and a subset of rock samples, called the Athena reference
(AREF) samples are included on the Geoboard for consistency. Similar to the calibration of
Mastcam-Z, both Pancam and Mastcam imaged a Geoboard with a collection of samples for
calibration. The Geoboards for Pancam and Mastcam contained the same set of Labsphere
color targets and a set of AREF samples, both of which were included in the Mastcam-Z
Geoboard for consistency between instrument calibrations (Bell et al., 2003, 2017).
A variety of rock samples with naturally weathered surfaces were included in the
Geoboard as well as cut and polished samples with small-scale textural variability. Several
basalt textures were part of the Geoboard, including vesicular basalts and basalt rinds and
coatings. Surface textures and coatings are known to affect spectral signatures. Coatings and
rinds may completely obscure the spectral signature of underlying rock or the coating and
substrate spectra may mix in a non-linear fashion (e.g., Fischer & Pieters, 1993). Rock textures
like grain sizes and surface roughness also affect spectra. Small grain sizes increase the overall
reflectivity of a sample (e.g., Bishop, 2019) and rough surface textures result in partial
shadowing of the surface resulting in decreased brightness (e.g., Hapke, 1995). The inclusion of
these complex natural surfaces in the calibration Geoboard allows for the assessment of
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Mastcam-Z’s ability to detect the qualities of a natural surface and provides an opportunity to
better understand the complex data that Mastcam-Z will return from Mars.
The goals for this study are (1) to validate the instrumentation at WWU by (a) comparing
measurements taken at WWU with the proprietary ASD probe (fixed geometry at i = 12°, e =
35°) and the single plane goniometer at the same geometry to test differences between spectra
taken with different apparati and validate the single-plane goniometer and (b) comparing
measurements of the same targets taken at WWU to measurements taken at Caltech (Buz et
al., 2019); and (2) to assess the ability of Mastcam-Z’s narrow and broadband filters to
accurately represent the spectral properties of a variety of color standards and lithologies by
comparing data collected at WWU with convolved data and Mastcam-Z calibration data.
1.2 Methods

1.2.1 Collection of Spectra
1.2.1.1 WWU goniometer, contact probe, and accompanying programs
All spectra were collected using an Analytical Spectral Devices (ASD) FieldSpec 4 HiRes spectrometer connected to either an ASD contact probe or the WWU custom-built, singleplane goniometer (Hoza, 2019). The contact probe has a fixed geometry of i = 12° and e = 35°
(Malvern Panalytical, personal communication). The WWU single-plane goniometer has a fixed
azimuth of 180°, an incidence and emission range of i = -50° to i = 45° and e = -30° to e = 60°,
an angular resolution of 1°, and a minimum phase angle of g = 15° (Hoza, 2019). The zenith of
the goniometer is 0° with degrees progressing from 0° to negative on the left/incidence side and
degrees progressing from 0° to positive on the right/emission side of the goniometer (Figure 4).
Spectralon® was used as a white reference material for both the goniometer and the
contract probe because it is near-isotropic in the geometries relevant for this study and has an
established correction for known non-Lambertian behavior (Biliouris et al., 2007; Jackson et al.,
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1992). White references were taken every five or fewer samples, and after every change in
geometry to account for changes in illumination spot size and detector field of view. White
reference corrections were applied during data processing by the AutoASD and AutoSpec
programs.
AutoASD and AutoSpec are open-source programs that were custom-built to interface
with each other, the RaspberryPi that runs the stepper motors for the WWU single-plane
goniometer, the ASD spectrometer and accompanying proprietary software (RS3 and ViewSpec
Pro). AutoSpec also has data plotting and analysis capabilities that were used to graph the data
of this study. AutoASD and AutoSpec are both available on GitHub at
https://github.com/westernmarslab/autoasd and https://github.com/westernmarslab/autospec.
1.2.1.2 Spectral Data sets
Three subsets of spectra were taken on all samples, with a fourth set of geometries
applied to the caltarget samples. (1) Spectra were collected with the contact probe at a fixed
geometry as a baseline dataset for all samples. (2) A set of spectra collected with the
goniometer were collected at a standard geometry of i = 0°, e = 35° to provide baseline for
spectra collected with the goniometer. (3) Spectra were collected with the goniometer to
duplicate a representative subset of geometries used in calibration of Mastcam-Z, which imaged
the Geoboard samples from multiple geometries. (4) The Caltech data set includes spectra of
the caltarget color standards (MCZ-06) taken with the Caltech hemispheric goniometer (Buz et
al., 2019). For the caltargets, this study replicated the angles from the Caltech data set within
the constraints of WWU’s single-plane goniometer.
1.2.1.3 Calculation of Mastcam-Z Calibration Geometries
The lighting geometries from Mastcam-Z calibration were calculated from internal Mars 2020
Mastcam-Z calibration documentation. The document records multiple “scenes” from calibration,
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each of which has different orientations of lighting relative to the Geoboard and Mastcam-Z. For
each scene, the distance between at least two of the following was recorded: the midline
between Mastcam-Z eyes at the front of the instrument, the center of the Geoboard oriented
perpendicular to the floor and to Mastcam-Z, and the center of the source or sources emitting
light. Since the Mastcam-Z eyes were directly facing the Geoboard, all emission angles were 0°,
and incidence changed as the location of the lights were changed or the distances between
points of interest was changed. Using the distances given in the calibration documentation,
illumination (incidence) angles were calculated for each light source or cluster of light sources in
each scene. Our primary assumptions are that all points of interest were at the same elevation
relative to the other points of interest in each scene and the lights were always aligned on the
same plane as the forward midpoint between the Mastcam-Z eyes.

Figure 1.5: Schematic of the calibration scene for Mastcam-Z calibration at Malin Space Science Systems
(2019). In order to calculate viewing geometry from the given calibration information, several assumptions
(labeled above) were made. Mastcam-Z is designed to mount to the bottom of the mast unit, so for
calibration Mastcam-Z was fastened to the table upside down, resulting in the appearance that right and
left eyes are flipped.
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From the eight calculated geometries, four representative, feasible geometries were
chosen to replicate for this study. Due to the constraints of the WWU goniometer, where the
incidence arm must always be more negative than (to the left of) the emission arm, and the
minimum phase angle of 15°, several calculated geometries were excluded due to mechanical
limitations. In order to replicate the angles of calibration, the magnitude of some incidence
angles was maintained but the sign was flipped, resulting in a mirrored geometry, which
theoretically has no effect on collected spectra (e.g., Clarke & Parry, 1985). Once incidence
angle signs were flipped, all calculated geometries were represented by the chosen four
geometries within 3°.
Table 1.3: Viewing geometries calculated from the Mastcam-Z calibration information and viewing
geometries adjusted to accommodate the geometric constraints of the WWU single-plane goniometer.
Highlighted geometries represent the geometries utilized in this study.

Calculated
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Adjusted

i

e

i

e

-29°

0°

-29°

0°

29°

0°

-29°

0°

33°

0°

-33°

0°

34°

0°

-34°

0°

39°

0°

-39°

0°

57°

0°

-57°

0°

59°

0°

-59°

0°

60°

0°

-60°

0°

61°

0°

-61°

0°

62°

0°

-62°

0°

1.2.2 Convolution
Collected data from each of the four categories above were run through a convolution
script which uses Mastcam-Z’s filter transmission profiles and outputs a simulated Mastcam-Z
data set with 14 reflectance values correlated to the band center of Mastcam-Z’s 14 unique
filters. The convolution script was adapted from a similar convolution script used by Hoza (2019)
to convolve spectral data collected at WWU to the filter bandpasses for Mastcam. The
convolution script integrates and normalizes the filter bandpasses based on the spectral
throughput values measured during Mastcam-Z’s calibration (Hayes et al., 2020). The
integrated and normalized filter bandpasses are then multiplied by the collected spectra over the
full range of wavelengths collected. Finally, a reflectance value at the wavelength of MastcamZ’s band centers is extracted and output into a .csv file readable by the plotter in the AutoSpec
program.

1.2.3 Extraction of Mastcam-Z Calibration Data
Mastcam-Z calibration spectra were extracted from spectral images of the Geoboard for
each scene during calibration using MERTools. MERTools is a platform initially developed for
PanCam on the Mars Exploration Rovers (MER) Spirit and Opportunity, that allows the user to
extract reflectance values from selected pixels in a spectral image, called a region of interest or
ROI. Reflectance values of each pixel in the ROI are averaged and reported as reflectance for
the ROI, and the standard deviation of reflectance values in the pixels within the ROI are
reported as error. The reported standard deviation values for each ROI do not represent
instrument error and are best interpreted as the variability of light and dark pixels in an ROI.
Images taken with the right and left eye are separate and ROIs must be selected from both
spectral images by hand. Band centers that are in both the left and right filter sets (L/R0B, 480
nm; L/R0G, 544 nm; L/R0R, 630 nm; and L/R1, 800 nm) yield one reflection value in each eye,
which in this study are both plotted separately in the Mastcam-Z spectra. Using MERTools I
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extracted data from the calibration spectral images by selecting pixels on the Mastcam-Z
spectral images acquired during calibration that most closely match where I had collected
spectra using the probe and goniometer for this study.
1.2.4 Normalization and root mean square error calculations
Data collected with the WWU planar goniometer at the Mastcam-Z calibration
geometries were normalized to Mastcam-Z calibration data of the same target at the L2 filter
(754 nm). The WWU spectrum of a target was normalized by dividing the original reflectance
value at each wavelength by the reflectance of the same WWU target at 754 nm; that value was
then multiplied by the reflectance value of the same target collected by Mastcam-Z during
calibration at 754 nm. This normalization makes the reflectance values of WWU spectra and
Mastcam-Z spectra equal at 754 nm; this removes differences in absolute reflectance and
allows for direct comparison of band centers, depths, and slopes of WWU data from different
viewing geometries and Mastcam-Z data.
The RMSE reported in this study were calculated from normalized convolved
WWU calibrations geometry spectra using the following formula:

𝑅𝑀𝑆𝐸 = √

∑𝑛𝑖=1(𝑃 − 𝑂)2
𝑛

where n is the number of values being compared, P is the predicted value (convolved and
normalized WWU reflectance values), and O is the observed (Mastcam-Z calibration reflectance
values). The formula above yields an absolute RMSE value in reflectance units. Absolute RMSE
values are a measurement of deviation of observed values from expected values given in the
same unit as the data. RMSE can also be reported as relative RMSE, which is calculated by
dividing the absolute RMSE by the average reflectance of the spectra and is reported as a
percentage of the observed reflectance. The RMSE reported for this study are absolute, but
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papers cited within report relative RMSE values. For bright samples, relative and absolute
RMSE are comparable. RMSE was calculated for the whole spectra (n=18), broadband filters
(RGB Bayer color filters, n=6), and narrowband filters (n=12). See Table 1.1 for a list of filters
and their band centers.
Normalization to the L2 filter at 754 nm provided normalized spectra most accurate to
Mastcam-Z calibration spectra of the Geoboard targets. Spectra of each of the geoboard targets
at calibration geometries collected at WWU were normalized to each filter and the root mean
square error (RMSE) was calculated for each set of normalized convolved data. Normalizations
were assessed for accuracy by the percentage of targets with <0.03 and >0.05 absolute RMSE
and by the maximum absolute RMSE value. The 0.05 RMSE cut-off is based on Hayes et al. (in
review), discussed in section 1.3.4.2. Data normalized to 754 nm had the second highest
percent of targets below 0.03 RMSE at 82% of targets, the lowest percent of targets above 0.05
RMSE at 4%, and the lowest maximum RMSE for any of the normalizations at 0.0581 RMSE.

1.3 Results
1.3.1 Consistency Between Collection Methodologies: Probe v. Goniometer
Spectra collected with the goniometer at i = 0 e = 35 (slightly forward scattering)
generally yielded higher values of reflectance relative to spectra collected with the probe at i =
12 e = 35 (slightly backscattering). Of the 25 samples compared, 22 show either very similar
reflectance values or higher goniometer reflectance than probe reflectance (Table 1.4).
Goniometer reflectance, where higher than probe reflectance, is generally higher by 0.01-0.07
reflectance units (e.g., Figure 1.6) with the exception of MCZ-10, MCZ-27, and MCZ-28-white,
which have differences in reflectance of 0.431, 0.096, and 0.185 at 750 nm, respectively. The
three samples that have higher reflectance in the probe spectra are MCZ-03, MCZ-25-redder
and MCZ-28-blue, which has a maximum difference between probe and goniometer values of
0.37, 0.006 and 0.031 respectively.
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Figure 1.6: Goniometer (i = 0, e = 35) and probe (i = 12, e = 35) spectra of targets MCZ-06-black (a Cal
target color standard) and MCZ-18-maroon (a polished AREF rock target).

In some targets, the overall reflectance values are similar for spectra collected with the
goniometer and probe, but goniometer reflectance decreases relative to probe reflectance at
higher wavelengths in a way that is inconsistent with the slopes observed at lower wavelengths
(Figure 1.7). This characteristic was differentiated from overall spectral slope (discussed below)
when targets exhibited goniometer and probe spectra that are near-parallel at lower
wavelengths, a drop in reflectance over a short wavelength interval in the goniometer spectra
between 1400 and 1900 nm, and near-parallel spectra at higher wavelengths. In spectra with
this divergence, probe and goniometer reflectance values are similar at lower wavelengths and
goniometer reflectance is 0.04 to 0.08 lower than probe reflectances at the point of greatest
divergence in the higher wavelengths. Samples showing this divergence are MCZ-06-AluWhite,
-cyan, -green, -red, MCZ-25-redder, and MCZ-27 (Table 1.4).
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Figure 1.7: Goniometer (i = 0, e = 35) and probe (i = 12, e = 35) spectra of targets MCZ-06-green and
MCZ-06-AluWhite (Cal target color standards) and MCZ-27 (a polished AREF rock target).

Overall spectral slopes (400 to 2400 nm) are generally similar between goniometer and
probe spectra or steeper in the goniometer spectra (Table 1.4). Most targets yield minor
differences in slope between goniometer and probe spectra with differences between slopes
less than 2.5x10-5, but MCZ-10 and MCZ-28-white yield differences of 1.15x10-4 and 6.9x10-5,
respectively. Targets with goniometer reflectance reduced at high wavelengths yielded more
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negative overall goniometer slopes despite spectra that were otherwise near-parallel. Aside
from those targets, only four target spectra yielded steeper slopes in the probe spectra than the
goniometer spectra: MCZ-03, MCZ-08-lbrown, MCZ-09-A and MCZ-17-maroon (Figure 1.8),
though the differences in slopes for MCZ-09A and MCZ-08-lbrown are negligible. All other
targets showed very similar slopes (e.g., Figure 1.6) or steeper slopes in the goniometer spectra
(Figure 1.8).

Figure 1.8: Goniometer (i = 0, e = 35) and probe (i = 12, e = 35) spectra of targets MCZ-03 (a sample of
the Perseverance rover deck paint) and MCZ-06-33gray (a Caltarget color standard).

Goniometer spectra were more susceptible to both noise and instrument artifacts. Probe
spectra do occasionally have noise (e.g., Figure 1.6b), but it is not a dominant feature in the
probe spectra. Goniometer spectra, on the other hand, almost always have noise in the shortest
and longest 100 nm of the spectrum near the edges of the detectors (e.g., Figures 1.6-1.8) and
occasionally have noise throughout the spectra (e.g., Figure 1.7c) though this effect is most
prominent in dark samples. As with noise, artifacts do occasionally appear in probe spectra, but
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the artifacts are seen infrequently and are fairly minor (e.g., Figure 1.6 between 1000 and 1400
nm). In the goniometer spectra, the artifact between 1000 and 1400 nm appears as the classic
prominent polarization artifact (e.g., Figure 1.7c), as broader, less defined artifacts (e.g., Figure
1.6b), and as a less recognizable, smeared-out feature (e.g., Figure 1.7a) when large changes
in reflectance occur over the same interval.
Band positions and depths are widely consistent between probe and goniometer data
across lithologies. Aside from polarization artifacts, the overall spectral shape for each target is
consistent regardless of collection method, differences in slope, and differences in reflectance.
Despite the many small differences in slope, reflectance, and susceptibility to artifacts and
noise, the primary diagnostic tools of band position and depth remain consistent between
collection methods.

Table 1.4: Summary of differences seen between probe and goniometer (abbreviated as “gon.”) spectra
of Geoboard targets. Gray cells in the “slope” columns denote for which samples the goniometer slope is
steeper. *For each sample, a third order polynomial was fit to a 50 nm segment of the shortest (400-450
nm) and longest (2450-2500 nm) segment of the spectrum and the collection methodology/(ies) listed in
the “Noise” column yielded R2 less than 0.9 in at least one of the two segments.
Geoboard
sample
number

Diff. in
reflectance
@750nm
(probe-gon.)

Gon.
reflectance
reduced at
high λ?

Overall slopes x103
Probe

Gon.

Artifacts - band Noise, R2 < 0.9*
depth >1.5% of
Spectralon
Difference
reflectance:
(absolute)

03

+0.037

-1.59

-1.21

0.39

04-notvein

-0.035

0.01

-0.04

0.05

06-33gray

-0.045

-1.38

-1.61

0.23

Gon.

Gon.

06-70gray

-0.049

-2.24

-2.43

0.20

Gon.

Gon.

06-aluwhite

-0.008

-0.03

-0.20

0.17

Gon.

Gon.

06-black

-0.018

1.35

1.43

0.08

06-cyan

-0.026

Yes, >1800 nm

2.61

2.16

0.45

06-green

-0.024

Yes, >1750 nm

3.64

3.16

0.49

25

Yes, >1500 nm

Gon.

Gon.

Gon.

3.84

3.63

0.21

-0.045

3.88

3.98

0.11

08-lbrown

-0.059

0.46

0.36

0.10

09-A

-0.004

0.03

-0.01

0.04

Gon.

10

-0.431

-0.73

-1.88

1.15

Gon. and probe

12-tuff

-0.041

0.05

0.08

0.03

Gon.

15-exterior

-0.026

0.24

0.24

0.00

16

-0.003

0.75

0.96

0.21

17-maroon

-0.025

0.71

0.51

0.20

Gon.

18-maroon

-0.030

-0.37

-0.40

0.03

Gon. and probe
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-0.017

0.33

0.41

0.08

Gon.

20

-0.071

-1.41

-1.62

0.22

25-redder

+0.006

Yes, >1400 nm

0.52

0.52

0.00

Gon.

27

-0.096

Yes, >1800 nm

0.51

0.36

0.16

Gon.

28-blue

+0.031

-0.19

-0.33

0.14

28-dark

-0.007

-0.03

-0.08

0.05

28-white

-0.185

-1.81

-2.49

0.69

06-red

0.000

06-yellow

Yes, >1500 nm

Gon.

Gon.

Gon. and probe

Gon.

Gon.

Gon.
Gon.

Gon.

Gon.

Gon.

Gon.
Gon. and probe

1.3.2 Caltarget Geometries
An initial comparison of the Caltech spectra to the WWU spectra (Figure 1.9) shows that
the spectra of the caltargets relative to each other are a very close match between data sets
and the WWU dataset has a higher reflectance than the Caltech dataset. The AluWhite target
shows the greatest difference between data sets and displays a positive to neutral slope in the
Caltech spectra and a negative slope in the WWU data set. Reflectance in the WWU data set is
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higher by 0.01-0.09 reflectance units than the Caltech dataset. AluWhite is more reflective in the
WWU dataset by 0.07 to 0.09 reflectance units across the entire spectra and all other targets. In
the WWU dataset, red, yellow, and gray 33 are brighter by less than 0.03 reflectance units;
green is brighter by up to 0.05 reflectance units; and gray 70 is brighter by 0.01-0.07 reflectance
units. The reflectance of the black targets is the same in both data sets.
Each target in the WWU data set is compared to the Caltech dataset at multiple
geometries (Table 1.5). On the WWU goniometer, the incidence arm must be more negative
than the emission arm and an incidence angle of 30° (to match Caltech geometries) would
severely limit the possible geomeries. In order to match the geometries from the Caltech data
set as closely as possible, the sign of both incidence and emission angle were flipped, which
eased some of the physical constraints and maintained phase angles with a fixed incidence
angle of -30°. Four remaining geometries were not possible to duplicate on the WWU
goniometer and are excluded.
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Figure 1.9: Spectra of the Caltargets collected with the Caltech goniometer (Buz et al., 2019) and the
WWU contact probe. The bars along the top of the Caltech figure (top) represent the sampled
wavelengths for each Mastcam-Z filter. Points on the Caltech figure are spectra convolved from the
hyperspectral goniometer data.
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Table 1.5: Caltech geometries with equivalent WWU geometries, altered due to physical constraints of
the WWU goniometer.
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Caltech
emission angles
(i = 30)

WWU
emission angles
(i = -30)

Phase angle

70

n/a

-40

58

n/a

-28

45

n/a

-15

10

-10

20

0

0

30

-10

10

40

-20

20

50

-30

30

60

-45

45

75

-58

58

88

-70

n/a

100

Figure 1.10: Spectra of MCZ-06-green collected at with the Caltech goniometer (top, i = 30°) and the
WWU goniometer (bottom, i = -30°) over the wavelength interval seen by Mastcam-Z (400-1100 nm, left)
and the full VNIR wavelength range measured by the ASD spectrometer used in each lab (right). WWU
geometries are mirrored (see text) and equivalent geometries are represented by the same color and line
pattern.

Caltech and WWU spectra of the color, gray, and black caltargets show a divergence in
scattering properties at higher wavelengths. In the Caltech data sets, the red, yellow, and green
caltargets are forward scattering and in the WWU datasets, the same samples are forward
scattering in the lower wavelengths and backscattering in the higher wavelengths (e.g., Figure
1.10). The cyan, gray 70, gray 30, and black caltargets are also forward scattering in the
Caltech dataset, and in the WWU data set, each of this is forward scattering in the lower
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wavelengths and approximately isotropic or very weakly forward scattering in higher
wavelengths (e.g., Figure 1.11). Overall forward scattering geometries show reduced
reflectance at high wavelengths relative to spectra from less forward scattering geometries.

Figure 1.11: Spectra of MCZ-06-70gray collected at with the Caltech goniometer (top, i = 30°) and the
WWU goniometer (bottom, i = -30°) over the wavelength interval seen by Mastcam-Z (400-1100 nm, left)
and the full VNIR wavelength range measured by the ASD spectrometer used in each lab (right). WWU
geometries are mirrored (see text) and equivalent geometries are represented by the same color and line
pattern.

The AluWhite caltarget is highly variable within the WWU data set and between the
WWU and Caltech data sets (Figure 1.12). AluWhite in the Caltech data set approaches
isotropic scattering and is mildly backscattering, and has near-neutral slopes. Shortward of
~1900 nm, AluWhite in the WWU data set has distinct negative slopes at the strongest forward
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scattering geometries, and positive slopes at the remaining more-weakly forward scattering and
backscattering geometries. These differences in slope affect the scattering properties and,
below ~1900 nm, AluWhite is forward scattering in the WWU dataset. Above ~1900 nm,
AluWhite in the WWU data set is similar to the Caltech dataset and is slightly backscattering. In
the WWU dataset the polarization artifact between 1000-1400 nm is present in all geometries.
An additional feature can be seen in the WWU dataset between 500-600 nm that is possibly an
uncharacterized polarization artifact that is under ongoing investigation.

Figure 1.12: Spectra of MCZ-06-AluWhite collected at with the Caltech goniometer (top, i = 30°) and the
WWU goniometer (bottom, i = -30°) over the wavelength interval seen by Mastcam-Z (400-1100 nm, left)
and the full VNIR wavelength range measured by the ASD spectrometer used in each lab (right). WWU
geometries are mirrored (see text) and equivalent geometries are represented by the same color and line
pattern.
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1.3.3 Convolution
Data convolved to the Mastcam-Z bandpasses from hyperspectral lab data yield
accurate and representative spectra with the exception of narrow peaks and troughs and the
RGB broadband filters. Convolved data more accurately represent data with smooth and broad
changes in reflectance, like those seen in MCZ-09, -11, -15, and -22 (Figure 1.13).

Figure 1.13: Full resolution and convolved spectra of 5 basalt exterior targets from the Geoboard.

Convolved spectra of the cyan and green caltargets (Figure 1.14) demonstrate, between
400-500 nm and 450-550 nm, respectively, that narrow peaks may be underestimated in
reflectance, and the band center may be skewed to one filter on either side, especially where
the band center in hyperspectral data falls between Mastcam-Z filter bandpasses. Narrow
absorptions present the same complications, as seen in Figure 1.15 around the 1000 nm
hydration absorption in gypsum. Caltargets, particularly the color targets (MCZ-06-cyan, -green,
-red, and -yellow), show that the RGB broadband filters can both underestimate and
overestimate the reflectance at the band center wavelength (Figure 1.13). The blue filter
(bandcenter = 480 nm) underestimates reflectance in the cyan target, and overestimates in the
yellow target; the green filter (bandcenter = 544 nm) overestimates reflectance in cyan and red
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targets, and underestimates in the yellow target; and the red filter (bandcenter = 630 nm)
overestimates the cyan and green targets reflectance and underestimates the red and yellow
target reflectance. Similar over and underestimations can be seen in other caltargets as well,
generally where the reflectance of a spectra is changing rapidly like in MCZ-25 (Figure 1.16).

Figure 1.14: Full resolution and convolved spectra of cyan and red (top), and green and yellow (bottom)
Caltarget color standards (MCZ-06).
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Figure 1.15: Full resolution and convolved spectra of two samples containing gypsum on the Geoboard.

Figure 1.16: Full resolution and convolved spectra of a redder section of MCZ-25 on the geoboard.

1.3.4 Mastcam-Z calibration comparisons
1.3.4.1 Absolute reflectance
Absolute reflectance values of the caltargets in WWU calibration geometry dataset yield
scattering patterns inconsistent with WWU data reported in section 1.3.2 and Caltech spectra.
They report that all caltargets are at least weakly forward scattering except for AluWhite, which
is weakly backscattering. WWU data of the same targets at duplicated viewing geometries show
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similar scattering patterns as those reported by Buz et al. (2019) in the wavelength range visible
to Mastcam-Z (400-1050 nm, section 1.3.2). The WWU calibration geometry data set, which
duplicates the viewing geometries at which Mastcam-Z calibration images were collected,
shows all caltargets are strongly backscattering (e.g Figure 1.17).

Figure 1.17: Unaltered spectra collected with the WWU goniometer at calibration geometries (blue lines)
and spectra collected by Mastcam-Z of the same target during calibration (green squares, filled - left eye,
open = right eye) for MCZ-06-70gray (top) and MCZ-25 (bottom). Error bars on Mastcam-Z spectra show
the filter standard deviation.

Absolute reflectance values at calibration geometries are consistently lower in spectra
collected at WWU than in spectra collected by Mastcam-Z during calibration. For most
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Geoboard targets, at least one and commonly all four WWU calibration geometry spectra have
lower reflectance values than Mastcam-Z calibration spectra (Figure 1.17). MCZ-04 shows
higher reflectance in the WWU data; MCZ-01-gray(80), MCZ-08, MCZ-21, and MCZ-27 have
roughly equivalent reflectance values in the WWU and Mastcam-Z datasets; and all other
targets show lower reflectance in the WWU data set. Additionally, the differences in reflectance
between geometries can be significant, making direct comparison between spectra difficult.
Due to the discrepancies described above, the remainder of data reporting for the
calibration geometry spectra collected at WWU will be completed with the WWU dataset
normalized to the Mastcam-Z data set.
1.3.4.2 Normalized reflectance
Spectra of Geoboard targets collected by Mastcam-Z during calibration compared to
those collected with the WWU planar goniometer yield root mean square error (RMSE) less
than 0.05 reflectance units for 97% of targets. Hayes et al. (in review) states that the relative
RMSE of Mastcam-Z radiometric calibration is 5% and though this study reports absolute
RMSE, 0.05 absolute RMSE is roughly equivalent to 5% absolute RMSE for bright samples and
will be used as a benchmark for evaluating spectra. A majority of targets, 82% of the targets
over four geometries, RMSE 0.03, more accurate than the Hayes et al. benchmark. The 6 of 29
Geoboard targets that yielded RMSE above 0.03 in at least 3 of 4 geometries are MCZ-01gray(40), MCZ-01-gray(80), MCZ-06-cyan, MCZ-23-blue, MCZ-23-red and MCZ-28-white, with
MCZ-28-white yielding the highest RMSE (0.0679). The lower phase angle geometries (i = -29, i
= -34, and i = -39) yield similar distributions of RMSE <0.01, <0.03, <0.05, and >0.05 (Table 1.6)
with 75-85% of targets yielding RMSE below 0.03 and 97% of targets yielding RMSE below
0.05. RMSE of the i = -60 geometry yields RMSE >0.05 in only 3% or instances, but 21% of
targets yield RMSE between 0.03-0.05, higher than the 13-15% of targets at the other three
viewing geometries.
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Figure 1.18: WWU calibration geometry spectra for MCZ-28-white normalized to Mastcam-Z spectra at
754 nm (blue lines) and spectra collected by Mastcam-Z of the same target during calibration (green
squares, filled - left eye, open = right eye). Error bars on Mastcam-Z spectra show the filter standard
deviation.

The RMSE of the narrowband filters from Mastcam-Z calibration spectra compared to
the calibration geometries collected at WWU at the same wavelengths yield consistently lower
RMSE than whole spectra, which include both the narrow and broadband filters together.
Across all four geometries, 91% of targets yield RMSE below 0.03 when only narrowband filters
are considered. MCZ-28-white (Figure 1.18) yields RMSE between 0.05-0.06 in three of four
geometries, MCZ-06-cyan (Figure 1.19) yields RMSE between 0.030-0.035 for the lower phase
angle geometries (i = -29, i = -34, and i = -39), and MCZ-23-red yields RMSE between 0.0350.045; i = -60 geometry yields more targets than the other geometries with RMSE between
0.03-0.05 for MCZ-10, MCZ-11, MCZ-23-blue, MCZ-23-red, and MCZ-28-white. The highest
RMSE for narrowband filters is 0.0575 for MCZ-28-white at i = -29 e = 0 and i = -34 e = 0.
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Figure 1.19: Comparison of normalized WWU calibration geometry spectra to Mastcam-Z calibration
spectra (A) and WWU and convolved spectra (B) for MCZ-06-cyan. Broadband Bayer color filters (red,
green, and blue) are marked with a vertical line of the corresponding color and grey boxes represent the
full width of the Bayer filters at half maximum response (see Table 1.1 for half widths at half maximum).

Broadband filters were less accurate more often than narrowband filters or whole
spectra (narrow and broadband). Broadband filters yield RMSE below 0.03 in 72% of instances
across all four geometries (Table 1.6). Two targets yield RMSE >0.05 in at least 3 of 4
geometries: MCZ-23-blue (average RMSE = 0.0615), and MCZ-28-white (average RMSE =
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0.0740). Nine targets yield RMSE between 0.03-0.05 in at least three of four geometries, all of
which are color standards except MCZ-10. Viewing geometry i = -60 shows fewer targets with
RMSE <0.03, 67% for i = -60 compared to ~73% in the other geometries, and more targets with
0.03-0.05 (primarily amongst the color standard targets and also including MCZ-10, MCZ-27,
MCZ-28-white, and MCZ-28-blue) and >0.05 RMSE (including MCZ-01-gray(40), MCZ-01gray(80), and MCZ-23-blue).
Table 1.6: Percent of instances of RMSE values for Mastcam-Z calibration spectra compared to WWU
calibration geometry spectra for individual geometries (RMSE instances / 39) and all four geometries
collectively (RMSE instances / 156)). RMSE distribution shown for Mastcam-Z whole spectra (broad and
narrowband collectively), broadband, and narrowband.
All filters (narrow and broadband)
% of targets by incidence angle (e = 0)
RMSE
i = -29

i =-34

i = -39

i = -60

All

<0.03

82%

85%

85%

77%

82%

0.03-0.05

15%

13%

13%

21%

15%

>0.05

3%

3%

3%

3%

3%

Broadband filters only
% of targets by viewing geometry (e = 0)
RMSE
i = -29

i =-34

i = -39

i = -60

All

<0.03

72%

74%

74%

67%

72%

0.03-0.05

21%

23%

18%

26%

22%

>0.05

8%

3%

8%

8%

6%

Narrowband filters only
% of targets by viewing geometry (e = 0)
RMSE

40

i = -29

i =-34

i = -39

i = -60

All

<0.03

92%

92%

92%

87%

91%

0.03-0.05

5%

5%

5%

13%

7%

>0.05

3%

3%

3%

0%

2%

Almost every filter over or under quantifies reflectance by more than standard deviation
compared to normalized WWU spectra for at least one target, but the left eye and RGB targets
(≤ 800 nm) most often under quantify reflectance compared to WWU data, and the right eye
targets (≥ 800 nm) most often over quantifies reflectance compared to WWU data when
normalized at 754 nm. Mastcam-Z filters were considered to over or under quantify reflectance
compared to WWU data when WWU spectra and Mastcam-Z calibration spectra showed a
difference in reflection by more than standard deviation for that filter. Mastcam-Z standard
deviation values are representative of the pixel-to-pixel variability for each filter within the
selected target region and provides a baseline for spectral variability within a target. Mastcam-Z
left eye spectra were different from WWU spectra by more than standard deviation 42 times
over 6 left eye filters (excluding RGB broadband filters) for 39 targets and, of those instances,
Mastcam-Z under quantified reflectance compared to WWU spectra in 79% of instances.
Similarly, RGB filters, collectively for the right and left eye RGB filters, were more than one
standard deviation different from WWU data 51 times, and of those 51, 90% under quantified
reflectance compared to WWU spectra. Right eye filters, which yield reflectance different from
WWU data by more than one standard deviation in 59 instances, over quantified reflectance
compared to WWU spectra 83% of those instances. Despite the overall trend of right eye filters
being brighter and left eye filters being darker than predicted by WWU data, left and right eye
filters with matching band centers (L0/R0 RGB filters and L/R1) had different reflectance values
from the left to right eye in one third of targets, and of those instances 60% yielded a brighter
left eye than right eye.
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Figure 1.20: WWU calibration geometry spectra for MCZ-06-70gray (A), MCZ-01-gray(40) (B), and MCZ18 (C) normalized to Mastcam-Z spectra at 754 nm (blue lines) and spectra collected by Mastcam-Z of
the same target during calibration (green squares, filled - left eye, open = right eye). Error bars on
Mastcam-Z spectra show the filter standard deviation.
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Slope of spectra from Mastcam-Z calibration and lab measurements at WWU were
similar in most samples, but in about one-quarter of samples Mastcam-Z calibration spectra
yielded either less negative and more positive slopes (e.g., Figure 1.20). Samples with different
slopes between Mastcam-Z calibration spectra and spectra collected at WWU most commonly
have near-neutral slopes and most filters are within one standard deviation of WWU data, even
when slopes are different. In the case of near-neutral slopes, Mastcam-Z spectra are generally
slightly positive and the WWU spectra tend to be slightly negative (e.g., Figure 1.20c), including
MCZ-01-gray(60), -gray (80), -white(99), MCZ-03, MCZ-06-AluWhite, and MCZ-18. Similarly,
some samples are both positive or both negative in the two data sets, but Mastcam-Z spectra
are less negative (MCZ-06-33gray, -70 gray) or more positive (MCZ-01-gray(40), MCZ-16,
MCZ-17) than WWU data (Figure 1.20 a and b).
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Figure 1.21: Normalized WWU calibration geometry spectra (blue lines) to Mastcam-Z calibration spectra
(green squares). Broadband Bayer blue and R3 filters are highlighted in gray.

Though most filters yielded reflectance values different from WWU data by more than
one standard deviation for at least one target, two filters stood out as potentially anomalous: the
blue filter in both eyes (480 nm), and R3 (910 nm). WWU data was normalized to the MastcamZ calibration data at 754 nm (L/R1), and filters with band centers away from the L/R1 filter, like
R6 (1022 nm) and L6 (440 nm) were not within standard deviation of WWU data more often
than filters immediately around the point of normalization. Both blue filters and R3 were not
within one standard deviation of WWU data more often than their surrounding filters, and the
blue filters overwhelmingly fall below and R3 overwhelmingly falls above reflectance values from
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WWU data. Additionally, even when WWU reflectance data is within the error of the Mastcam-Z
data, L/R0B and R3 average filter reflectance values are often noticeably below or above,
respectively, the surrounding filters where WWU data shows there should be no feature (e.g.,
Figure 1.21). For blue filters, this pattern is independent of known error in reflectance due to
broadband sampling and anomalies in the L/R0B and R3 filters are most visible in grayscale
color targets which are spectrally featureless (e.g., Figure 1.21a), and are also apparent in rock
samples where convolution shows that filters should not deviate from lab data (e.g., MCZ-22,
Figure 1.21b). According to RMSE, blue filters have the highest error of the broadband filters,
but R3 has no higher error than surrounding filters (Table 1.7).
Table 1.7: RMSE by Mastcam-Z filter. RGB broadband filters have a gray background.
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Filter

Band center RMSE (%)
(nm)

L6

440

2.4%

L0B

480

3.2%

L5

528

2.1%

L0G

544

2.7%

L4

605

2.2%

L0R

630

2.4%

L3

677

2.7%

L2

754

0.0%

L1

800

0.9%

R0B

480

3.4%

R0G

544

2.6%

R0R

631

2.5%

R1

800

0.7%

R2

866

1.2%

R3

910

1.9%

R4

939

2.1%

R5

978

2.1%

R6

1022

1.9%

1.3.4.3 Mastcam-Z eye to eye filter comparisons
Four wavelengths observed by Mastcam-Z are duplicated in both the left and right eyes,
which provides an opportunity to examine the internal consistency of Mastcam-Z.
The duplicated targets are the four broadband Bayer color filters centered at 480 nm (blue,
L/R0B)), 544 nm (green. L/R0G)), and 630 nm (red, L/R0R), and 800 nm (L/R1). The four
matching filters were compared from the left to right eyes by finding the difference in reflectance
between the left and right eyes and dividing by the reflectance value of the left eye; positive
values indicate the left eye is brighter and negative values indicate the right eye was brighter.
Filters at 544 nm, 630 nm, and 800 nm are brighter in each eye close to equal instances (50%
+/- 5% for either eye). The 480 nm (blue) filter has more instances where the right eye is
brighter (69% of targets), but the same target also has the highest percent difference between
the eyes at 15.62%, where the left eye is brighter.
Table 1.8: Percent difference in reflectance for filters duplicated in the left and right eyes of Mastcam-Z
(left reflectance - right reflectance / left reflectance). Negative (-) % difference indicates the right eye is
brighter than the left.

Metric

480 nm (L/R0B) 544 nm (L/R0G) 630 nm (L/R0R) 800 nm (L/R1)

Max % diff.

15.62%

6.28%

2.92%

4.89%

Min % diff.

-5.41%

-5.71%

-5.10%

-7.57%

Average % diff.

1.71%

0.07%

-0.20%

-0.45%

69%

49%

54%

44%

% Right brighter (-)

1.4 Discussion
1.4.1 Internal comparison of WWU data: Probe v. goniometer
The standard geometry (i = 0, e = 35) used for data collection with the goniometer is
slightly forward scattering and the geometry of the probe is slightly backscattering (i = 12, e =
35), which likely contributes to the differences in absolute reflectance in comparison of the
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probe and goniometer data. The subset of Geoboard targets known as the caltargets (MCZ-06)
have been thoroughly photometrically characterized by Buz et al. (2019) and are known to be at
least weakly forward scattering, except for AluWhite which is isotropic to weakly backscattering.
The higher reflectance in goniometer data, which was collected at forward scattering
geometries, compared to probe data, which was collected at backscattering geometries, is
consistent with the known forward scattering behavior of the caltargets. AluWhite spectra have
the same reflectance in both goniometer and probe spectra, suggesting that the differences in
geometry between the probe and goniometer are not significant enough to display differences
between quasi-isotropic or weakly backscattering targets.
The white reference process accounts for many differences between measurements,
including illumination brightness, illumination angle and spot size, and instrument drift. White
references were taken between every sample for probe data, and at least every five samples
with the goniometer, both of which are within the parameters defined to Hoza (2019) to prevent
instrument drift. White referencing ensures that changes in illumination and illumination angle
are considered, and for this comparison, illumination angle is fixed and should not influence the
resulting spectra regardless. Though white references account for illumination and
instrumentation, they cannot fully account for differences between white reference targets or
light sources.
I hypothesize the different Spectralon white reference disks for the probe and
goniometer may differ slightly from each other, resulting in differences in spectra between
collection methods. The probe Speatralon disk is held within a protective casing and is only
open on one side, whereas the Spectralon disk used for the goniometer is larger, has no
protective casing, and has visible nicks on the surface due to normal use and handling. Though
care was taken to take goniometer white references on pristine patches of Spectralon, the
visible defects may be indicative of smaller defects or surface contamination visible to the
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spectrometer but not the human eye. In the care instructions for Spectralon, Malvern
Panalytical, the producer of Spectralon, acknowledges that Spectralon can become less
isotropic if contaminated with dust, dirt, or oil. I recommend that the WWU spectra lab complete
the cleaning procedure for our Spectralon puck before collecting more spectra.
In the case of rock geoboard targets, surface variability may also be responsible for
variability seen between collection methods. For manufactured color and grayscale targets, the
entire surface of the target is uniform, so small differences in the location of spectra collection
should not affect the resulting spectra. Rock targets on the other hand, are by nature variable
and small changes in the location of spectra collection could result in differences in the spectra.
Additionally, goniometer samples are leveled by hand on the rotating sample tray, which could
result in slight variations in viewing geometry, particularly for natural surfaces which are not flat
and smooth and are therefore difficult to level. On the other hand, with its fixed geometry, the
contact probe, true to its name, is put in direct contact with a sample and is level as long as the
contact piece is sealed all the way around. Though I took great care to collect spectra from the
same location on a target with both the goniometer and probe, and to level the sample in both
collection methods, I cannot dismiss the possibility of human error as a contributing factor to
differences particularly for goniometer spectra.
Instrument artifacts due to polarization of light are seen throughout both data sets but
are more common and more prominent in goniometer data. The primary artifact seen in data
collected at WWU is a set of two sharp spikes in reflectance between 1000-1400 nm with peaks
around 1100 and 1310 nm that is a known issue for ASD spectrometers (Buz et al., 2019; Hoza,
2019). Polarization artifacts are influenced by the orientation of the light source and detector
head, material properties of a target, and the curvature of the fiber optic cable that carries the
signal to the spectrometer. Artifacts are seen across a variety of lithologies and are always more
prominent in goniometer data, so material properties should not be contributing to the frequency
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of artifacts in data collected by either the goniometer or probe. Fiber optic cable curvature is
also unlikely to be a contributing factor as the cable was carefully draped for wide curvature in
both collection methodologies. Hoza (2019) concludes that polarization due to the light source
and detector affect the resulting spectra collected with the WWU planar goniometer.
Comparison of spectra from the geoboard supports this conclusion since greater artifacts are
seen in spectra taken across a variety of lithologies, almost all of which show greater artifacts in
frequency and magnitude in the goniometer spectra. Hoza (2019) also notes that artifacts in
data collected from the goniometer are larger at higher phase angles, which is consistent with
the multiple-geometry caltarget data set collected with the WWU goniometer.
A second possible artifact is seen throughout the WWU goniometer dataset, most
prominently in MCZ-06-AluWhite as a rapid and sharp oscillation in reflectance between 550
and 600 nm. This feature is currently uncharacterized and, to our knowledge, is not seen in
published datasets outside the WWU lab, but is noted in Hoza (2019) which used the same
goniometer and spectrometer as this study. Hoza (2019) saw the same feature in her data and
noted a correlation between the 550-600 nm feature and the 1000-1400 nm known artifact.
Given the correlation between this undocumented feature and a known polarization artifact, it is
likely the 550-600 nm feature is also a polarization artifact. This feature is unstudied and the
WWU spectroscopy lab is actively investigating the cause of this feature with the manufacturer.
The light sources used in the probe and goniometer are different from each other and
may also contribute to differences in noise between collection methods. The probe and
goniometer light sources are different distances from the targets, where the goniometer light
source is further away from the target than the probe light source. The goniometer spectra are
consistently noisier than the probe spectra and differences in lighting likely contribute to noise.
Though light outside the incident source light is minimized by procuring measurements in a dark
room for goniometer measurements, small sources of light in the room (e.g., lights on the router
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or through the door from the hall) may also contribute to noise in the goniometer, whereas
contact probe measurements are less susceptible to the influence of external light. Differences
in the spectra of light emitted from the light sources are theoretically accounted for in white
referencing, but it is possible that some differences in illumination could still result in the
reflectance spectra.
The analysis presented here has focused on the discrepancies between the probe and
goniometer spectra collection methodologies, but the primary diagnostic features of spectra,
band position and depth, are consistent across data sets. Band position and depth are largely
responsible for spectra shape and are the direct result of a target’s composition. As diagnostic
features, band center and depth are arguably the most important features for a spectrometer to
characterize accurately, and differences in other metrics aside, the WWU goniometer accurately
represents band center and depth compared to probe spectra.
1.4.2 External comparison of WWU data: WWU v. Caltech
Experimental design accounts for many of the potential mechanisms that could
contribute to differences in how spectra of the caltargets were collected at Caltech and at WWU.
Measurements of the caltargets were completed on the same set of targets for the data
collected at WWU and at Caltech so variation in the targets should not be responsible for
differences between WWU and Caltech data. Additionally, both studies used an ASD Field Spec
spectrometer, though Caltech used an ASD Field Spec 3 and WWU a Field Spec 4. In both data
sets, Spectralon was used as the white reference material. Some of the geometries at which
WWU data were collected were inverted from the geometries used at Caltech to accommodate
physical constraints of the WWU planar goniometer, but according to Helmholtz reciprocity, an
inversion of the signs of both incidence and emission theoretically has no influence on
reflectance properties (Clarke & Parry, 1985).
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Mastcam-Z has a wavelength range of ~400 to 1000 nm and over this range, WWU data
is relatively consistent with the Caltech data, but inconsistencies arise above ~800 nm.
Scattering patterns in the WWU data were not consistent with Caltech spectra at high
wavelengths, where patterns seen in the visible wavelengths are inverted (and opposite of
Caltech scattering patterns) above ~800 nm. In the Caltech dataset, all caltargets are forward
scattering at all wavelengths, except AluWhite, which is weakly backscattering to isotropic.
WWU spectra of the same targets are forward scattering, consistent with Caltech spectra, below
~800 nm, but the scattering pattern inverts at high wavelengths showing that samples are back
scattering at higher wavelengths in WWU data. The prominence in section 1.4.1 of slope
differences and drops in reflectance above ~1500 nm in the goniometer data compared the
probe data are consistent with the drop in reflectance at higher wavelengths seen in the
caltarget geometry data set collected with the goniometer and suggest a systemic issue with
goniometer measurements.
As suggested in section 1.4.1, damage to the Spectralon puck may cause changes to its
spectrum, and since every sample’s reflectance is reported relative to Spectralon reflectance,
any changes to the Spectralon spectrum due to damage would be propagated through every
measurement. Malvern Panalytical (formerly ASD, Inc.), the producer of Spectralon, does
advise scientists that contamination of Spectralon with dirt, dust, and oil from fingers can alter
the spectral signature and scattering behavior of Spectralon. Spectralon pucks can be cleaned
by wet sanding the puck, which would also remove minor surface imperfections like nicks in the
puck (https://www.materials-talks.com/). Given the widespread inconsistencies in goniometer
data compared to probe and external spectra, I suggest that WWU complete the cleaning
procedure from Malvern Panalytical and reconfirm the puck’s scattering properties relative to
published Spectralon data before proceeding with further data collection.
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1.4.3 Lessons from convolution
High-resolution spectra collected at WWU and convolved to Mastcam-Z filters provide
insight into the theoretical accuracy of Mastcam-Z filters based on each filter’s weighted
sampling widths. This insight provides a baseline from which to assess whether differences
seen between spectra collected in the lab at WWU and by Mastcam-Z during calibration are
expected based on Mastcam-Z’s sampling or something not yet accounted for. Overall, narrow
band filters yield little to no difference in reflectance between WWU and convolved data, but the
height and center of narrow features that fall between filters can be misrepresented. Broadband
filters show more inaccuracy than narrow band filters especially where reflectance changes
rapidly or oscillates over the sampled wavelengths.
Convolution of narrowband filters is accurate to reflectance at the filter wavelength but
can misrepresent features that fall between filters. In the rock samples, narrow band filters
accurately show the band center of peaks and troughs in reflectance, but color standard targets
suggest that Mastcam-Z narrowband filters can misrepresent the height/depth and band center
of spectral features. In the case of MCZ-06-green, convolved data necessarily eschews the
local peak in reflectance at 514 nm in hyperspectral data to the L5 filter (528 nm), and though
the convolved reflectance of that filter is accurate to the reflectance in WWU data at that
wavelength, the peak seen by Mastcam-Z is ultimately less reflective than the hyperspectral
data. Ultimately, any feature that falls between filters will be difficult to characterize and the R5
filter at 978 nm is a new addition from Mastcam (Curiosity) to Mastcam-Z (Perseverance) to
specifically better characterize a diagnostic hydration band characteristic of gypsum and other
hydrated minerals.
With the addition of the 978 nm R5 filter, hydrated minerals like gypsum will be easier to
characterize with Mastcam-Z than previous spectral cameras but this narrow feature is still
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difficult to characterize. The ~1000 nm absorption band in gypsum (Figure 1.15) falls between
the R5 and R6 filters but does cause a decreased reflectance in one (MCZ-20) or both (MCZ10) filters. In the spectra of MCZ-10, which is a gypsum vein, convolved data shows a clear
absorption in both the R5 and R6 filters, but neither accurately represents the depth of the
absorption which falls directly between them. Spectra of MCZ-20, a series of varves that contain
gypsum, show a weaker feature in the hyperspectral and convolved data, with only a slight
absorption represented in the R5 filter, which skews the absorption shortward as well as
misrepresents the depth of the feature. Dixon (2018) examines in detail Mastcam-Z’s ability to
characterize minerals with hydration bands between 950 and 1000 nm, including gypsum.
Based on convolved data, narrowband Mastcam-Z filters yield accurate reflectance data
but can skew the location of a peak or trough of reflectance based on the band center of the
filter, but broadband filters often misrepresent reflectance. The misrepresentation of reflectance
by convolved data is very clear in the color standard targets (MCZ-06, Lucideon; and MCZ-23,
Labsphere), but is also apparent in whole rock spectra where reflectance changes rapidly over
the sampling range. Broadband filters sample over a wide wavelength range and produce a
weighted average, so targets that have a significant change in reflectance over the sampling
range, the resulting convolved spectra can be pulled higher or lower by reflectance in the
surrounding wavelengths. A prime example of this is the green filter in the MCZ-06-yellow
(Figure 1.14d) spectra, where the convolved filter dramatically under-represents reflectance
seen in in the hyperspectral data. Between 460 and 580 nm, reflectance changes from 0.15 to
0.83 and at the 544 nm, the center of the green filter, reflectance should be 0.81, but instead the
green filter yields a reflectance of 0.68 due to the portion of the spectra under the green curve
with relatively low reflectance values. Misrepresentation of reflectance in broadband filters is
seen all color targets as well as many rock samples, including: MCZ-08, -15-exterior, -16exterior, -17-maroon, -19, -21-exterior, -25-redder, -28-blue, and -28-white.
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Convolution of hyperspectral data collected at WWU to Mastcam-Z filters yields accurate
representations of reflectance except in rare cases in narrow band filters, and can yield
misrepresentations of reflectance in broadband filters. In color targets, convolved narrow band
filters suggest that local peak and troughs in reflectance may be skewed to one filter on either
side of the feature, but this phenomenon is generally not seen in spectra of rock targets,
suggesting that the placement of filters accurately captures spectral features common in the
Geoboard rock targets. The only exception to accurate narrow band representation of
reflectance occurs in samples that contain gypsum, which contains an absorption ~1000 nm
that falls between filters R5 and R6 that manifests differently depending on the amount of
gypsum present. Due to the nature of broadband filters, which sample reflectance over a wide
range of wavelengths, reflectance in broadband filters is often misrepresented where
reflectance changes rapidly over the sampled wavelength range of a filter. Reflectance given by
broadband filters, especially where Mastcam-Z spectra show steep slopes in reflectance in the
visible wavelengths, should be approached with caution.
1.4.4 Calibration
1.4.4.1 Absolute reflectance
Caltarget (MCZ-06) spectra collected at calibration geometries at WWU yield
inconsistencies in absolute reflectance compared to the WWU caltarget geometry spectra,
Caltech spectra, and Mastcam-Z calibration spectra. Spectra of the caltargets from Caltech
(2019) show that all the caltargets, except AluWhite, are at least weakly forward scattering.
Shortward of 1000 nm, approximately the same wavelength range seen by Mastcam-Z, WWU
caltarget geometry spectra yield forward scattering patterns generally consistent with Caltech
spectra, as seen in section 1.4.2. The WWU calibration geometry spectra of the caltargets show
all caltargets as backscattering, which is in direct conflict with the WWU caltarget geometry
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spectra and the Caltech spectra of the same targets. Furthering concerns about the absolute
reflectance values for the calibration geometry data set collected at WWU, spectra of the
geoboard targets collected by Mastcam-Z during calibration are systematically of higher
reflectance for almost all geoboard samples. Despite differences in absolute reflectance, the
locations and depths of absorptions appear to be consistent between all three data sets. Other
possible sources of error include damage to the Spectralon puck used as a white reference and
the lighting source for the goniometer, which are discussed in section 1.4.1.
The inconsistencies in absolute reflectance between WWU calibration geometry spectra
and both the WWU caltarget geometry spectra and the Caltech spectra, and the Mastcam-Z
calibration spectra call into question the validity of the calibration geometry data set, particularly
the absolute reflectance values for spectra at all four geometries. The differences in absolute
reflectance for the WWU calibration geometry data set could be the result of changes in the light
source as it ages or changes in the white reference Spectralon disk due to damage. Samples
for both the WWU calibration geometry and caltarget geometry data sets were loaded on the a
rotating tray as many as 5 at a time and leveled by hand; because the inconsistencies are
constant throughout each dataset, it is unlikely the human error played a part in these
differences. Regardless of the source of the error, WWU calibration geometry spectra were
normalized to Mastcam-Z calibration spectra at 754 nm (filter L2). This normalization removes
absolute reflectance as a factor but still allows for direct comparison of absorption depths and
centers as well as spectral slope
1.4.4.2 Normalized reflectance
The RMSE for all geometries of normalized convolved WWU calibration geometry lab
spectra compared to Mastcam-Z calibration spectra were higher in this study than in Hayes et
al. (in review), which utilized the spectra collected at WWU with the contact probe. Hayes et al.
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(in review) found that most targets yielded RMSE between 0.01-0.02 with a maximum RMSE of
0.029. In this study, only 44% of targets were below 0.02 for i = -60 and 62-64% of targets were
below 0.02 for the remaining geometries. Excluding MCZ-28-white, which is discussed in more
detail below, the maximum RMSE in this study is 0.0581. Since Hayes et al. (in review) utilizes
the contact probe spectra presented in sections 1.3.1 and 1.4.1 and this study calculated based
on spectra collected with the goniometer, the differences in RMSE likely contribute to the
differences in probe and goniometer spectra discussed above.
Low RMSE values occur less frequently when only broadband filters are considered and
are likely the result of uncorrected differences in lighting during Mastcam-Z calibration. To
calculate RMSE, this study used convolved WWU lab data normalized to Mastcam-Z spectra at
754 nm, which serves as a first order correction but does not fully account for wavelengthdependent differences in lighting sources or differences in illumination angle.
Due to the use of convolved data in RMSE calculations, the known misrepresentation of
reflectance in broadband filters (sections 1.3.3 and 1.3.4) should not contribute to higher RMSE
for broadband filters. During Mastcam-Z calibration, flood lights and additional blue light sources
were used to illuminate the geoboard, whereas the light source on the goniometer is white light,
and these differences in illumination are a likely source for error in the visible wavelengths and
RGB filters.
Manufactured color targets tend to have higher whole- and partial-spectra error than
rock targets, likely due to steep local slopes in reflectance particularly over the wavelength
ranges of the broadband filters. Manufactured targets have uniform surfaces and yield relatively
low standard deviation because they have little to no variation in reflectance across their
surfaces, but despite this color targets yield some of the highest RMSE values. When only
narrow band targets are considered, RMSE drops below 0.03 for almost all color standards and
RMSE decreases compared to broadband RMSE for all targets, suggesting that broadband
filters are a significant source of error in the whole spectra RMSE. Since RMSE is calculated
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from convolved WWU data, the known error due to spectral sampling is accounted for and
should not contribute to RMSE. High broadband filter RMSE implies some additional yetunaccounted for error between the Mastcam-Z calibration set up and WWU spectra collection.
The geoboard target MCZ-28-white yields Mastcam-Z calibration spectra visibly
inconsistent with WWU lab data and universally yields RMSE amongst the highest values for
whole- and partial-spectra error calculations. Broadband filters have been shown to yield higher
RMSE than narrowband filters, and though the RMSE of MCZ-28-white does decrease from
broadband to narrowband, MCZ-28-white is the only sample to yield any RMSE values above
0.05 when only narrowband filters are considered and one of only 3 targets to yield RMSE
greater then 0.03 in at least 3 geometries. Figure 1.18 shows that the Mastcam-Z calibration
spectra of MCZ-28-white is fundamentally different from the spectra collected at WWU, and has
completely different patterns in reflectance between 400 and 1000 nm. MCZ-28-white is focused
on a bright portion of an overall dark sample and the high variability in color and reflectance in
and around this target indicates that a small difference in the location of the sampled spectra
could dramatically influence the resulting spectra. The very high variability in reflectance of this
sample is the source of its high standard deviation and small differences in the sampled region
are likely responsible for the differences between the Mastcam-Z calibration spectra and WWU
calibration geometry spectra.
Comparison of filters that are present in the left and right eye filter sets of Mastcam-Z
provide an opportunity to examine internal consistency of the Mastcam-Z eyes. Filters centered
at 544 nm, 630 nm, and 800 nm are brighter in one eye or the other at approximately equal
rates (50% +/- 5%), indicating the filters don’t tend to be brighter or darker in one of the eyes.
The 480 nm filter yields higher reflectance in the right eye almost 70% of the time, suggesting
the 480 nm filter is less consistent than the other filters. The 480 nm filter also shows the largest
discrepancy with the left eye filter 15.6% brighter than the right eye filter. Furthermore, the RMS
errors by filter, in which both the left and right blue filters yield the two highest RMSE, show that
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across multiple metrics, the blue filters are less reliable. During calibration of Mastcam-Z,
additional blue lights were used in addition to white lights, which likely contributes to the
inconsistency of blue filter measurements, which lessens the concern about the accuracy of the
filter.
The underestimation of reflectance by Mastcam-Z filters below 800 nm and the
overestimation of reflectance above 800 nm yields overall Mastcam-Z spectra slopes that are
more positive than WWU spectra. The review of the WWU goniometer compared to the probe in
sections 1.3.1 and 1.4.1 demonstrate that the goniometer often yields slopes that are more
negative than the probe in some samples, several of which are also targets that yield MastcamZ spectra that are more positive than WWU lab data (MCZ-03, MCZ-06-cyan, MCZ-16, MCZ-17,
and MCZ-18). Labsphere grayscale targets (MCZ-01) also show similar discrepancies between
Mastcam-Z calibration spectra and WWU lab spectra, but comparisons with probe data cannot
be made with the Labsphere targets because probe measurements were not taken to avoid
damaging the fragile surface of the targets. Even without probe data from the Labsphere
grayscale targets, WWU probe and goniometer and Mastcam-Z spectra data indicated that
wavelength dependent differences between Mastcam-Z and WWU spectra are likely related to
the WWU goniometer and not Mastcam-Z. The consistent discrepancies in slope call the validity
of spectra collected with the goniometer further into question, whether the cause be related to
the goniometer light source, the Spectralon white reference target, or another aspect of the
goniometer.
Two Mastcam-Z filters stand out as potentially anomalous: L/R0B at 480 nm, and R03 at
910 nm. Both blue filters are shown to have the highest RMSE of all the filters and comparison
of filters in both eyes shows that blue filters yield the largest differences between matched eye
filters. The addition of blue light in Mastcam-Z measurements suggests a possible source of
difference in the blue filters, but differences in reflectance raise concern. Right eye filter 3, on
the other hand, yields low RMSE consistent with the surrounding filters, but differences in
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reflectance for this filter also raise concern. Both blue filters and R3 are different from WWU lab
spectra by more than standard deviation more often than their surrounding filters and visual
analyses of many targets shows that blue filters often have lower reflectance compared to
surrounding filters and R3 has higher reflectance compared to surrounding filters (Figure 1.21).
This phenomenon is clearest and most concerning in featureless spectra like the gray color
standards, where there should be no physical reason in the target to yield drops or increases in
reflectance. I suggest further inquiry to assess the blue and R3 filters.

1.4.6 Future work
This study underlines the importance of clean and accurate white reference material
and, given the internal and external inconsistencies seen in this data, regular cleaning and
reverification of white reference material photometry is vital to accurate absolute reflectance and
scattering properties. For the WWU spectroscopy lab specifically, I recommend the lab
complete the cleaning procedure recommended by Malvern Panalytical for our Spectralon disk
and reverify its isotropic scattering properties using the hemispheric goniometer upon its arrival
and before acquiring new spectra. The light source of the planar goniometer may also be
contributing to error, but with the imminent arrival of a new hemispheric goniometer (including a
new lighting source) in the winter of 2021, investigation into the planar goniometer light source
as a potential source of spectral differences is less pressing.
Prior to the arrival of the Perseverance Rover and Mastcam-Z on Mars, a standardized
method of reporting duplicate filters should be developed. Mastcam-Z data will be used by many
scientists in different labs, and there are a variety of possible ways of reporting data from filters
in both eyes. Developing a standard reporting method will ensure that Mastcam-Z data
extracted and analyzed in different labs can be readily compared from lab to lab and study to
study. So as to report the data in as raw a form as possible, this study reports reflectance
values from both eyes, but a single continuous spectrum is easier to understand, analyze, and
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report. The Mastcam-Z calibration spectra data set in conjunction with the hyperspectral data
collected at WWU is an ideal test set from which to make determinations about how duplicated
filters should be reported.
Further investigation into the left and right blue filters and the R3 filter could provide
more clarity into the differences in their reported reflectance values. Adding additional targets to
this analysis, like the education and public outreach (E/PO) targets may provide further insight
into the prevalence of filter reflectance differences. The E/PO targets were part of the Geoboard
and were imaged by Mastcam-Z during calibration, and spectra of them were collected at WWU
with the contact probe. E/PO targets were outside the scope of this study but may provide
relevant insight.

1.5 Conclusions
The WWU lab spectra normalized to Mastcam-Z spectra at 754 nm generally yield
RMSE less than 0.05 reflectance units. Though there is concern about the absolute reflectance
values of spectra collected with the WWU goniometer, normalized WWU lab spectra are
consistent with Mastcam-Z calibration spectra and vice versa, with most targets yielding RMSE
<0.03 and almost all <0.05. RMSE by filter yields similarly low error; narrowband filters all have
RMSE below 0.03 and broadband filters have RMSE between 0.03 and 0.05. Hayes et al. (in
review) finds that Mastcam-Z radiometric calibration yields 5% relative RMSE, which is roughly
equivalent to an absolute RMSE of 0.05 for bright samples, so data reported in this study is
consistent with the 5% RMS error benchmark set by Hayes et al. (in review). With the intent of
verifying the Mastcam-Z instrument, this study digs into the issues seen in calibration, but it is
important to highlight that the 14 unique channels of Mastcam-Z have a high level of accuracy to
hyperspectral data.
Comparison of spectra collected with the WWU planar goniometer to other methods of
collection generally raises concern about the accuracy of absolute reflectance of spectra
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collected with the goniometer. Spectra from WWU’s goniometer was compared to spectra
collected with the WWU contact probe, the Caltech goniometer, and other sets of spectra
collected with WWU’s goniometer and absolute reflectance values were internally and externally
inconsistent, in some cases yielding opposite scattering patterns from external published data.
When normalized, absorption features and general spectral shape are reliable. The first line of
defense to address this issue is to complete the cleaning procedure on the WWU spectra lab
white reference Spectralon.
Mastcam-Z broadband filters are less reliable than narrowband filters, and targets with
rapid changes in reflectance over the broadband sampling ranges yield relatively high errors.
Broadband filters sample reflectance from a relatively wide range of wavelengths and, in targets
where reflectance changes rapidly over the visible wavelengths, broadband filters may not
accurately represent reflectance at their band centers. Broadband misrepresentation of
reflectance is predicted by convolution of WWU lab data to Mastcam-Z filters and is inherent to
the sampling methodology of broadband filters. Root mean square error (RMSE) analyses show
that broadband filters have higher error than narrow band filters, and lab manufactured color
standards, which have steep changes in reflectance over the visible wavelengths, have higher
RMSE than natural targets with more gentle changes in reflectance over the visible
wavelengths.
Differences in reflectance greater than standard deviation between Mastcam-Z
calibration spectra and WWU calibration geometry spectra are not uncommon for geoboard
targets, but two filters mis-quantify by more than standard deviation more frequently than others.
Both blue filters (480 nm) consistently under report reflectance and R3 (910 nm) consistently
over reports reflectance by more than one standard deviation compared to WWU data and
relative to surrounding filters. Blue filters yield the highest RMSE of broadband filters, but R3
yields RMSE equivalent to the other right eye filters.
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The analyses in this study primarily focus on the differences between data sets, but
overall these analyses largely validate both the WWU spectrometer and Mastcam-Z. The
differences in absolute reflectance between the WWU goniometer, WWU probe, and Caltech
goniometer raise concern, but the most important diagnostic features for mineralogy, band
center and depth, are consistent between datasets, thus validating mineral IDs made from
spectra collected at WWU. Similarly, analysis of Mastcam-Z spectra compared to WWU lab
spectra shows a variety of small differences, particularly where features fall between Mastcam-Z
filters, but low RMSE values on the whole confirm the accuracy of Mastcam-Z spectra.

Chapter 2: Photometry of Hematite-Coated Sands and Implications for Mars
2.1 Background – motivation and previous work
Spectrally bright, fine-grained dust is pervasive on Mars and is known to contain poorly
crystalline ferric oxides (Bishop et al., 2002; Blake et al., 2013; McSween & Keil, 2000; Morris,
2004; O’Connell‐Cooper et al., 2017; Yen et al., 2005). This dust is deposited on rock surfaces,
intimately mixed with sand as a component of regolith, and may, in both cases, become
chemically adhered to rock and sand surfaces though Si-O-Fe bonds (Bell et al., 2000; Bishop
et al., 2002; Morris, 2004; O’Connell‐Cooper et al., 2017; Scheidegger et al., 1993; Sullivan et
al., 2008). Given the prevalence of this dust on Mars, it is important to understand how coatings
derived from these ferric materials affect spectral measurements.
Thin coatings of ferric-oxide-containing material, such as palagonite or crushed tephra,
on basalt are known to produce a negative slope in near-infrared reflectance spectroscopy
(~1700 nm to 2500 nm) and this phenomenon is more pronounced at backscattering geometries
than at specular or forward-scattering geometries (e.g., Fischer et al., 1991; Fischer & Pieters,
1993). This is interpreted by Fischer and Pieters (1993) as a wavelength dependent
transparency of thin coatings of crushed Mauna Kea cinder over a basalt substrate and
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pathlength of light though the coating material at different geometries producing a negative
slope as the bright ferric dust becomes more transparent at longer wavelengths and shorter
path lengths. Harloff & Arnold (2002) propose a textural difference between neutral- and
negative-continuum-slope dark-regions on Mars where neutral slope dark areas are dominated
by sand-sized particles and negative slope dark regions are dominated by bedrock or blocky
basalt at the surface, and they present their findings as consistent with Fischer et al. (1991) and
Fischer and Pieters (1993). The combination of ferric coatings on sand particles has not been
studied in the lab from the perspective of photometry, which provides a major motivation for this
study.
Sand is the focus of this study for several reasons: (1) textural differences between sand
and slabs of solid rock are known to affect the resulting photometry, (2) Basaltic sand is present
as part of Martian regolith and experiences induration, which would allow coating to form, and
(3) the photometry of coated sands has, to our knowledge, never been evaluated in detail
despite its relevance to in situ Martian materials. Given the pervasiveness of nano-crystalline
iron-oxide-bearing dust on the surface of Mars, this dust is likely to coat Martian rocks and sand
particles.
Spectra of all matter are affected by the texture of the surface being measured, and the
photometric behavior of sand (and other rough surfaces) is variable with viewing geometry. The
effects of grain size on reflectance spectroscopy derives from the surface-volume ratio of
particulate matter. Reflection from uncoated materials dominantly occurs from the surface of a
material and absorption occurs in the interior of grains, so as particles decrease in size, their
surface area to volume ratio increases, and more light is reflected than absorbed. Conversely,
larger particles have less surface area and more volume, and therefore absorb relatively more
light than they reflect. In clastic material this phenomenon results in decreased absorption band
depths relative to non-clastic matter of the same material (e.g., Clark, 1999; Hapke, 1993). In
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addition to the inherent properties of how light interacts with sand surfaces, the spectra of
materials like sand and other rough surfaces are affected by viewing geometry. Hapke (1993)
describes the shadow-hiding opposition effect, in which clastic material whose diameter is larger
than wavelength of incident light casts shadows, especially at larger phase angles. For phase
angles near zero, very little shadowing occurs and as phase angle increases, the grain itself and
surrounding grains block high angle emission pathways. The texture of sand in photometric
studies has inherent effects on the resulting spectra, which show relatively shallow absorption
bands than their non-clastic counterparts and decreased reflectivity as the angular difference
between incidence and emission light increases due to shadowing.
Mars has a basaltic upper crust that contributes to a both consolidated and
unconsolidated clastic basalt or basalt-derived units and can be geomorphically stable enough
for coatings to form (e.g., Ehlmann & Edwards, 2014; Malin & Edgett, 2000; R. V. Morris, 2004;
O’Connell‐Cooper et al., 2017; Sullivan et al., 2008). The first order control for rock coatings is
geomorphic stability; a fresh surface must become exposed and remain exposed for surface
coatings to form (Dorn, 2013). Despite consistent heavy winds on present-day Mars, very little
migration of these sand-sized basaltic materials is observed over timescales of years to
decades, except in instances of very high winds (Bridges et al., 2017; Chojnacki et al., 2011;
Sullivan et al., 2008). Sullivan et al. (2008) demonstrates that Martian soil, including the basaltic
fines within it, develops induration rapidly and that, once indurated, migration of grains requires
increasingly large events to disrupt the induration and Bridges et al. (2017) suggests a similar
mechanism. Additionally, induration of soils has been seen ubiquitously across multiple mission
sites on Mars (Arvidson et al., 2004a; Arvidson et al., 2004b; Arvidson et al., 2006a; Arvidson et
al., 2006b, Herkenhoff, 2004; Herkenhoff et al., 2006; Moore et al., 1999; Moore et al., 1987;
Sullivan et al., 2005; Sullivan et al., 2007; Weitz et al., 2006). As coatings require stability to
form (Dorn, 2013), induration of soils, including the component basaltic lithic fragments, provide
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evidence for the surface stability required and a mechanism for surface coatings to form.
Induration may also be synonymous with the coating formation (Moore et al., 1999)
In order to better understand spectral data returning from Mars, detailed terrestrial
photometric studies must be completed on Mars-relevant materials (including slabs, sands, and
sandstones) that have been naturally weathered and artificially weathered through the
application of coatings. Few detailed photometric studies of Martian analog materials exist, in
part due to the lack of proper instrumentation for such studies, and the work that exists was
primarily completed on polished, relatively unaltered slabs of rock. Photometric studies of slabs
model weathering rinds on flood basalts, but do not provide universal insight because
photometry is affected by texture as well as composition, though it is worth noting that slabs
polished to 120 grit still display relief on the scale of tens of microns (Hoza, 2019). Previous
studies of coatings on slabs show that thick ferric coatings can completely mask the signal of
the underlying material, and thin ferric coatings can cause non-linear additive effects of the
substrate and coatings materials and create a puzzling blue slope in the resulting spectrum that
is not represented in either the substrate or coating material (e.g., Johnson et al., 2004;
Johnson & Grundy, 2001). The spectral shape of thin ferric coatings on basaltic substrate is also
affected by viewing geometry (Johnson and Grundy, 2001). To our knowledge, the effects of
similar coatings on sand has not been quantified.
The Columbia River Basalts (CRB) Group is a flood basalt province shown to be an
effective Mars analog rock for spectroscopic studies and is the analog used for this study (Hoza,
2019; Michalski et al., 2006). The CRBs lie in the back arc between the Cascade Volcanic Arc
and the Rocky Mountains and cover approximately 210,000 km2 of Eastern Washington,
Eastern Oregon, Western Idaho, and Northern Nevada. The CRBs were emplaced between
16.7 Ma and 5.5 Ma and are the youngest and best-preserved terrestrial flood basalt province
(Camp et al., 2017; Reidel, 2015). Similarities between CRBs and Martian basalts include a
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similar overall spectroscopic shape, and high relative reflectance at both high and low phase
angles (Hoza, 2019). Additionally, Martian flood basalt provinces and the Columbia River Flood
Basalt province share comparable flow morphology (Keszthelyi et al., 2006).
Given the spectral dependencies on viewing geometry for Mars-relevant material,
continuing to study naturally weathered materials, lab-made single-material and multi-material
coatings on basalt slabs, sand, and sandstones provides a useful way to interpret the data
returning from spectrometers at Mars. Additionally, lab spectra, in the absence of accessible
goniometers, are generally taken at a fixed geometry (i = 0, e = 35), while spectra from Mars
can be taken from more varied viewing geometries depending on the location of the sun in the
sky and the orientation of the instrument relative to the point of interest. These differences in
viewing geometries between spectral reference libraries from terrestrial data and in situ data
from Mars can cause difficulties in interpretation. With increased knowledge of spectra
dependencies on viewing geometry, scientists can not only compare data from Mars to
terrestrial measurements of the same viewing geometry, but can also utilize the inherently
changing natures of the viewing geometries of in situ measurements to gain greater insight to
Martian materials. Repeated measurements of the same region from a satellite as it orbits,
repeated measurements from a stationary rover of the same location throughout the day as the
location of the sun (incident light) changes (e.g., Johnson et al., 2006), or repeated
measurements from a mobile rover over a short period of time changing the emission angle
(e.g., Liang et al., 2020) would all mimic what a goniometer can do in a lab. Since some
materials have properties that change with viewing geometries, repeated measurements can be
used to gain insight otherwise difficult to see in single measurement.
The goal of this study is to address the knowledge gaps defined above by testing a
modified procedure to coat sand with nanohematite in the lab, completing a detailed photometric
study of the coated and uncoated sands. Specifically, our objectives are to: (1) adapt the
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existing coating methodology to basalt sand and assess the mode of adhesion for the resulting
coatings (clumped versus even dispersal) and, (2) assess changes in spectral reflectance, band
depths, band centers, and slope of relevant spectral features between coated and uncoated
sands, (3) provide insight to the photometric effects for relevant spectral features.
2.2 Methods

2.2.1 Sands and Nanohematite
The quartz sand was acquired from the sedimentology and stratigraphy lab in the WWU
Geology Department and was purchased from AGSCO Corporation. The sand is assayed as a
fine, spherical silica sand with grain sizes primarily between 105 -149 μm, with a composition of
99.8% SiO2 with <0.1% each of Fe2O3, Al2O3, TiO2, CaO, MgO, and organics (AGSCO Corp,
2015).
Basalt sand was made in the lab from CRB collected by the Western Mars Lab in July
2019 near Sential Mountain and Wahatis Peak just south of Royal City in south-central
Washington, and near the west end of Deep Lake near Coulee City in Central Washington
(47.588558, -119.34125). For sample site selection and more information on the entire suite of
samples collected in July 2019, see Appendix III. The sample used for this study (sample 23 in
Appendix III) was a large chunk of partial column from an undifferentiated Grand Ronde flow
(100k USGS geologic map) which was broken into smaller fragments using a sledgehammer.
All rock rind was removed from each fragment using a rock saw and the interior fragments were
chipped in a Braun rock chipper and crushed in a rotary mill. The crushed rock was sieved to
select for the 125-250 μm grain fraction and wet sieved to remove rock dust and dried in an
oven.
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2.2.2 Coating sand
The ferric coating methodology for both quartz and basalt sands was based on the
methodology outlined by Scheidegger et al. (1993) that provided an analysis of method
variations to adhere crystalline goethite and hematite to cristobalite and quartz sands. The pH of
100-300 ml (depending on amount needed) of 0.01 M NaNO3 solution was adjusted from
neutral to 2.0+/- 0.1 by adding 0.1 M HNO3 with a micropipette. An aliquot of 10 ml of the pHadjusted 0.01M NaNO3 solution was transferred into each 50 ml centrifuge tube and then 100
mg of nanohematite was added to each centrifuge tube. The capped centrifuge tubes were
lightly shaken to incorporate the nanohematite and placed into a custom-built lab rotator (Figure
2.1) and were agitated by continuous rotation for 24 hours to mix and suspend the
nanohematite in the NaNO3 solution. All centrifuge tubes were placed in the outer ring of the lab
rotator to ensure equivalent rotational speed between samples. After 24 hours of rotation, 2.5 g
of quartz or basalt sand was added to each centrifuge tube. The centrifuge tubes were placed
back in the rotator and mixed continuously for an additional 24 hours.
Once the two periods of 24 hours of mixing were complete, the sand was separated from
the solution, cleaned, and dried using the following steps. The centrifuge tubes were removed
from the lab rotator and the sand and nanohematite were allowed to settle in the tube. The nowred NaNO3 solution mixed with nanohematite was decanted out of the centrifuge tube and a
solution of pH 2, 0.01 M NaNO3 was used to resuspend the sand and nanohematite and
decanted again. This process was repeated 4-5 times or until the decanted solution was clear or
nearly clear. The sand was then wet sieved with deionized water through a 63 μm nylon sieve,
removed to a watch glass, and dried in an 110°C oven for at least 24 hours. See Appendix IV
for a step-by-step methodology.
The custom lab rotator was built and designed to ensure sand grains had even exposure
to the nanohematite and NaOH solution. Most lab shakers and agitators stand the tube upright
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and rock side to side to mix the solution. When evaluating these rocking-style agitators, it was
unclear whether the sand grains would be appropriately lofted and mixed in the solution, which
may have resulted in the grains settled at the bottom of the centrifuge tube having less
exposure to the nanohematite and therefore less or little coating. The designed lab rotator
(Figure 2.1) acts as a tumbler and continuously mixes the sand and solution, and better ensures
equal exposure of sand grains to the nanohematite and the salt solution. The lab rotator used
was conceptualized in conjunction with Ben Paulson (WWU Geology Department Instructional
and Classroom Support Technologist) and was built by WWU Scientific Technical Services.

A
B

Figure 2.1: Lab rotator agitating the sand mixture for two 24-hour periods from the front (A) and side (B).

2.2.3 Spectrogoniometry
Spectra were collected using an Analytical Spectral Devices, Inc. (ASD) FieldSpec 4 HiRes spectrometer, which utilizes three detectors to sample a spectral range of 350 nm to 2500
nm. A 512-element silicon array visible near-infrared (VNIR) detector measures 350 to 1000 nm
with a 3 nm spectral resolution, and two Graded Index InGaAs Photodiode near infrared (NIR)
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detectors measure from 1001 to 1800 nm and 1801 to 2500 nm each with an 8 nm spectral
resolution. Signal is collected from a ~1.3 cm diameter spot size (at 0° emission) through a
fiber-optic cable with a 25° field-of-view and channeled into the ASD FieldSpec 4.
The fiber-optic cable from the ASD FieldSpec 4 attaches to the WWU automated singleplane goniometer, which has a range of i = -50° to i = 45° and e = -30° to e = 60° and 1° angular
resolution (Hoza, 2019). A full goniometric “sweep” of i = -50 to i = 45 and e = -35 to e = 60 in
5° increments was collected for uncoated basalt sand, uncoated quartz sand, coated basalt
sands, and coated quartz sand.
AutoSpec and AutoASD, the companion software packages for the WWU planar
goniometer (Hoza, 2019), interact with two proprietary programs made by ASD in order to
perform the necessary functions of the spectrometer: (1) RS3, which controls the spectrometer,
and (2) ViewSpec Pro, which processes the spectral data. The user interacts with these
programs through a graphical user interface (GUI) in the AutoSpec program, which then
interacts with AutoASD, which in turn interacts with RS3 and ViewSpec Pro. When a
measurement is initiated using AutoSpec, RS3 performs an optimization for the spectrometer
that adjusts the sensitivity of the sensors for the amount of light reflecting off the white reference
(Spectralon). RS3 then performs a white reference by taking 200 spectra of the Spectralon puck.
An optimization and white referencing are completed at every geometry to correct for
differences in illumination due to the change in spot size for both the light and sensor field of
view with changes in geometry. For every white reference and measurement, 200 spectra are
collected and then averaged in data processing to minimize noise in the spectra.
Once white references and spectra of interest are collected, a variety of corrections are
applied to the data during processing by the ViewSpec Pro program. The 200 spectra for white
references and samples are averaged, which reduces noise in the resulting averaged spectrum.
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The spectra of the sample are then normalized to the white reference Spectralon® spectrum
(where Spectralon reflectance = 1.0 at all wavelengths) and a geometric correction based on
the known non-Lambertian behavior of Spectralon® (Biliouris et al., 2007) is performed. Since
the ASD FieldSpec4 Hi-Res uses three separate sensors, a splice correction is performed
where sensors change over at 1000 nm and 1800 nm so that the resulting data is continuous
without leaps in reflectance between sensors. AutoASD then assembles the averaged and
corrected spectra with metadata headers into a .csv file that can be read into AutoSpec for
graphing and analyses (see Hoza, 2019 for AutoSpec graphing abilities and specifications).

2.2.4 Scanning Electron Microscopy and X-ray Diffraction
WWU’s Tescan Vega 3 scanning electron microscope (SEM) was used to characterize
the morphology and composition of uncoated basalt sands and quartz sand, hematite-coated
basalt sands and quartz sand, and silica-coated basalt sand. Ferric-coated sand grains and
non-ferric coated sand grains were mounted in carbon and left without a conductive coating and
imaged with an accelerating voltage of 15kV for basalt and 10kV for quartz with working
distances of 15 mm for both unless otherwise noted. Basalt and quartz grains without ferric
coatings and the nanohematite used for coatings were mounted in low-viscosity epoxy and
polished to 1 µm and imaged at an accelerating voltage of 15kV and a working distance of
15mm. Mounted and polished samples showed grain cross sections and were imaged to
quantify the morphology of the grains (see Section 2.2.5). Both the polished and unpolished
samples were analyzed using backscattered electron (BSE) imaging in a 10Pa N2 variablepressure environment.
Energy dispersive spectrometry (EDS) was performed on carbon-mounted grains
without a conductive coating to determine elemental weight percent. The EDS detector used
was a Oxford XMaxN 80mm2 silicon-drift detector and quantitative results were normalized from
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fits to measured data using the factory standards in Oxford AZtec. Working distance was 15 mm
and accelerating voltage was 15 kV for EDS.

2.2.5 Grain shape evaluation
To quantify the roundness of sand grains, this study employed the Analyze Particle
function of ImageJ on SEM backscatter electron images of uncoated, polished grain mounts
(Figure 2.2). Twenty particles were randomly selected and hand traced on images of both sand
types. Roundness was calculated by ImageJ using the following formula:
𝑅𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 = 4 ∗ 𝐴/(𝜋 ∗ 𝑙𝑚𝑎𝑗 2 )
where 𝐴 is the area of the grain and 𝑙𝑚𝑎𝑗 is the length of the major axis of the grain. A
roundness of 1.0 indicates that the major and minor axes lengths are equal to each other with
values less than 1.0 indicating a decrease in the ratio of minor axis to major axis. Circularity was
also determined for each sand type using the following formula:
𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 = 4𝜋 ∗ 𝐴/𝑃2
where 𝑃 is the perimeter of the grain. A roundness of 1.0 represents a grain where the
circumference of a circle with the diameter of the major axis of the grain is the same as the
perimeter of the grian and circularity decreases as the perimeter of the grain increases. From
individual grain parameters, mean and standard deviation were determined for each sand type.
Grain area and perimeter were also reported from ImageJ.
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Figure 2.2: Imagery of polished grain mounts of basalt (left) and quartz (right) sands used to determine
grain roundness and circularity.

2.3 Results
2.3.1 Uncoated sands
Qualitative and quantitative analyses of the quartz sand and lab-produced basalt sand
showed the sands to be of similar size, but different textures. The quartz sand was sub-rounded
and the basalt sand to have a rough angular surface (Figure 2.3).
Quartz-dominant sand grains had higher reported roundness and circularity parameters
than basalt sand grains (Table 2.1). Though quartz sands had a higher mean roundness than
basalt sands both were within a standard deviation of the other. Quartz-dominant sands were
more circular than basalt sands, with a mean circularity of 0.783 ±0.061 compared to circularity
of basalt sands at 0.552 ±0.102. Basalt grains had higher standard deviation for all
parameters, indicating greater variability in the basalt grains than the quartz grains.
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Figure 2.3: SEM images of the uncoated (A) quartz sand and (B) lab-produced Columbia River Basalt
sand used for coating experiments. Accelerating voltages of 10 kV and 15 kV, respectively, and working
distances of 14.27 mm and 14.77 mm, respectively, were used.

Table 2.1: Mean and standard deviation of grain cross-sectional area, perimeter, circularity, and
roundness.

Quartz-Dominant Sand
Area

Perimeter

Circularity

Roundness

Mean

0.016

0.485

0.783

0.727

Standard Dev.

0.008

0.122

0.061

0.122

Basalt Sand
Area

Perimeter

Circularity

Roundness

Mean

0.014

0.538

0.552

0.610

Standard Dev.

0.01

0.202

0.102

0.179
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EDS bulk chemical analysis showed quartz sand to be 95.5% SiO2, 3.4% Al2O3, and
1.1% FeO, in general agreement with the AGSCO assay. A visual qualitative assessment of the
sand upon receipt noted that the sand had a yellow/orange tone and smaller dark clasts
consisting of 1% or less. SEM imagery shows that some contamination of basalt grains may
have occurred between samples in the grain mount. Bulk chemical analysis of the CRB sand
showed 51.7% SiO2, 15.9% Al2O3, 15.0% FeO, 8.4% CaO, 3.5% Na2O, 3.0% MgO, 1.5 % TiO2,
and 1.0 % K2O in normalized weight percent.

2.3.2 Coatings and coated sands
Visual analysis and SEM analysis confirm that the nanohematite was adhered to the
quartz and basalt sand grains. Coated grains for both quartz and basalt sands were visibly
reddened in comparison to their uncoated counterparts (Figure 2.4). BSE images confirmed a
higher concentration of iron on the coated grains than their uncoated counterparts. SEM BSE
imagery (Figure 2.5) of ferric-coated grains shows the presence of bright iron spheroids in the
crevices of grains in both the quartz and basalt sands and EDS showed the spheroids to be
predominantly iron. On some quartz grains, a finer dusting of iron is present in addition to the
iron spheroids (Figure 2.5b). Coated basalt grains lack a similar diffuse coating. Coated quartz
and basalt sand grains exhibited a 7.84 wt% and 3.87 wt% increase in iron content, respectively
(Table 2.2).
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Table 2.2: Composition of uncoated and coated quartz and basalt sands by weight percent determined
using EDS. Three locations on sand mounts were imaged and averaged for each sand type.

76

Element,
wt%

Uncoated
quartz

Coated
quartz

Change

O

53.27

50.22

-3.05

Al

1.82

1.32

-0.5

Si

43.16

39.86

-3.30

Fe

0.76

8.60

+7.84

Element,
wt%

Uncoated
basalt

Coated
basalt

Change

O

47.47

44.22

-3.26

Na

2.42

2.38

-0.04

Mg

1.70

1.51

-0.19

Al

7.81

7.73

-0.07

Si

22.36

22.25

-0.11

K

1.00

1.03

+0.04

Ca

5.59

5.32

-0.27

Ti

0.85

0.88

+0.03

Fe

10.80

14.68

+3.87

Figure 2.4: (A) Uncoated basalt sand (left) and coated basalt sand (right), and (B) uncoated quartz sand
(left) and coated quartz sand (right).
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Figure 2.5: BSE images (A) Uncoated, angular, lab-produced sand of CRB. (B) Quartz sand with hematite
aggregates (red arrow) and diffuse mottled coating (red circle). (C) Hematite-coated sample of CRB sand
with hematite aggregates. The black box shows the location of panel D. (D) Detail image of hematite
aggregates in the cracks of a CRB sand grain.

2.3.3 Spectroscopy
2.3.3.1 Overview at Standard Geometry
Spectral data collected at standard geometry show that coated quartz sand is generally
darker and redder than its uncoated counterpart in the visible range and brighter at wavelengths
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longer than the visible, and band centers of absorptions are well aligned with the band centers
of absorptions of pure nanohematite. Nanohematite spectra show the following features: a
positive slope from 550 nm to 740 nm, abroad, smooth absorption feature at 882 nm, absorption
features at 1417 nm and 1922 nm, a local maximum at 2137 nm, and an absorption at 2303 nm.
Comparison of band centers at standard geometry (i = 0, e = 35) for nanohematite and coated
quartz sand show an aligned band center at 880 nm, and nanohematite and both quartzes show
absorptions around 1415 nm, and 1920 nm (Figure 2.6). Both quartz sands show an absorption
at 2200 nm that is not present in hematite.
The absorption features of coated and uncoated and basalt sands and nanohematite are
identified in Figure 2.6. The absorption features seen in all spectra between ~400 nm and ~600
nm is the result of an oxygen-Fe3+ charge transfer in the UV range that trails into the visible
wavelengths up to about 530 nm (Bishop, 2019; Morris et al., 1985). The absorption at 880 nm
in nanohematite and the coated quartz sand is due to crystal-field transition electronic
absorption, also related to Fe3+. This Fe3+ absorption typically occurs at 860 nm in crystalline
hematite but is known to shift towards 880 nm for grain sizes under 10 μm (Morris et al., 1989;
Rossman & Ehlmann, 2019). Between 990 -1000 nm in both basalt sands is a Fe2+ crystal-field
effect absorption and is indicative of pyroxene and olivine in the basalt sands. H2O and OHvibrational overtones are responsible for the absorption at ~1400-1420 nm. Evaluation of the
~1400 nm absorption in the materials used in this study is difficult due to its overlap with an
apparent absorption in the region affected by instrumental artifacts. H2O vibrations are also
responsible for the absorption feature seen at ~1900 nm (Bishop, 2019; Rossman & Ehlmann,
2019). Finally, the absorption feature seen in all four sands but not the nanohematite around
2200 nm is an Si-OH- absorption (Rice et al., 2013).
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Figure 2.6: Spectra of coated and uncoated basalt and sands and the nanohematite used to coat the
sands. Green boxes highlight absorption bands and are labeled with the cause of the absorption (see text
for details). Grey boxes highlight a region that often exhibits instrumental artifacts, typified by the double
peaks seen in the green uncoated sand spectra in panel A. (A) Spectra of all materials at standard
geometry (i = 0, e = 35). (B) Spectra of basalt sands only to show detail (notice the reflectance range in
panel B versus panel A)

Similar to the coated quartz sand at standard geometry, the coated basalt sand is less
reflective (darker) in comparison to the uncoated basalt and shows a reddening through the
visible wavelengths. Both the uncoated and coated basalt spectra show a strong absorption
band with a band center of 999 nm, which does not align with the nanohematite absorption at
875 nm. Nanohematite shows an absorption around 1400 nm, but in the basalt samples, this
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region is obscured by instrument artifacts. Both basalts and the nanohematite show an
absorption around 1920 nm, and the basalts show an absorption feature at 2200 nm that is not
present in the nanohematite.
2.3.3.2 Quartz-dominant sands
Initial observation of the spectra of coated quartz sand compared to its component parts,
uncoated quartz sand and nanohematite, show that nanohematite strongly influences the
spectra of coated quartz sand in the lower wavelengths, but has little effect at higher
wavelengths (Figure 2.7). Both the coated quartz sand and the nanohematite have strong
absorptions in the violet and blue wavelength regions (400-550 nm) and in the near infrared
(~875 nm), and a positive slope from the ~875 nm absorption moving longward. Above 1900
nm, quartz sands share absorptions at ~1900 nm and ~2200 nm that look very similar in shape
and depth. Nanohematite in this region has a very strong absorption at ~1900 nm and no
absorption feature at ~2200, neither of which appear to strongly affect the spectra of the coated
quartz sand. The region between 1000 and 1400 nm is dramatically affected by instrument
artifacts which masks any features that may exist in the region and complicates interpreting this
region. In the 1400 to 1900 nm region, both quartz sands have relatively straight, featureless
spectra that appear to have slight variations in slope at different geometries as well as
compared to each other.
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Figure 2.7: Subset of spectra of uncoated quartz sand, coated quartz sand, and nanohematite. Incidence
angle is 0 degrees for all spectra. Data susceptible to artifacts (1000-1400nm, phase angles greater than
40 degrees) is dashed for clarity.

Band centers for the major absorptions vary little between coated and uncoated quartz
sands or with changes to viewing geometry (Figure 2.8). The largest difference between band
centers is between coated quartz sand and nanohematite between 750 and 1000 nm where
uncoated quartz sand does not have an absorption feature. Coated quartz sand’s band centers
over the 750 and 1000 nm interval generally fall between 870 and 875 nm. The absorption
feature for nanohematite over the same interval at standard geometry (i = 0, e = 35) is 882 nm
(Figure 2.8a). The band centers for the absorption features between 1875 and 2040 nm (Figure
2.8b) and 2130 to 2300 nm overlap almost exactly in both quartz sands. The bulk of band
centers for 1875 to 2040 nm absorption range from ~1920 to ~1935nm for both sands and
nanohematite at standard geometry has a band center of 1924 nm. The band centers for the
absorption between 2130 and 2300 nm fall over a much narrower range, 2206-2209 nm, for
both sands. Band centers for all three absorptions were randomly distributed at every geometry
and result in a mottled band center heat map with no discernable patterns, exemplified by
Figure 2.8c.
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Figure 2.8: (A) Band centers for the absorption feature between 750 and 1000 nm versus phase angle for
coated quartz sand. The band center for nanohematite at standard viewing geometry (i = 0, e = 35) is
indicated by the dashed green line at 882 nm. (B) Band centers for the absorption feature between 1875
and 2040 nm versus phase angle for uncoated and coated quartz sand. The band center for
nanohematite at standard viewing geometry is indicated by the dashed green line at 1924 nm. (C) Heat
map of band centers for the absorption feature between 1875 and 2040 nm versus emission and
incidence angles.
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Band depths showed slightly more variation with viewing geometry and between the two
sands. Between 750 and 1000nm, uncoated quartz sand has no absorption feature,
nanohematite has a very strong absorption feature with a band depth of 0.387, and coated
quartz sand has band depths ~0.1, depending on geometry (Figure 2.9a). For the 1850 to 2140
nm absorption feature, the band depths for both sands overlap, but coated quartz sand has
deeper band depths by up to 0.005 (Figure 2.9b). Both sands average band depths around
0.035 and nanohematite has a significantly deeper absorption with a band depth of 0.184. Band
depths for both the 750-1000 nm and 1850-2140 nm features show the deepest band depths at
low phase angle geometries near the zenith and the shallowest at both strongly forward and
strongly backscattering geometries, as shown in Figure 2.9c. Band depths for both sands
between 2130 and 2300 nm are similar though band depths for coated sand are lower by as
much as 0.025. Nanohematite does not have an absorption feature over this interval. The
pattern with viewing geometry for the band depths of the 2130 to 2300 nm absorption feature
differs from the other two absorption features and has the greatest band depths at forward
scattering geometries, as seen in Figure 2.9e.
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Figure 2.9: Band depths. (A) Band depths for the absorption feature between 750 and 1000 nm versus
phase angle for coated and uncoated quartz sand. The band depth for nanohematite at standard viewing
geometry (i = 0, e = 35) is indicated by the dashed green line at 0.387. (B) Band depths for the absorption
feature between 1850 and 2140 nm for quartz sands. The band depth for nanohematite at standard
viewing geometry is 0.184, outside the scope of this figure and is not included. (C) Heat map of band
depths for the absorption feature between 750 and 1000 nm versus emission and incidence. (D) Band
depths for the absorption feature between 2130 and 2300 nm for both sands. Nanohematite does not
have an absorption in this wavelength range. (E) Heat map of band depths for the absorption feature in
uncoated quartz sand spectra between 2130 and 2300 nm versus emission and incidence.

Between 1450 nm and 1800 nm, the slope of both quartz sands is positive at low phase
angles and progresses to negative in forward scattering geometries (Figure 2.10). Though both
sands show a change in the direction of slope, geometries at which that change happens and
the steepness of slope in either direction differs. Slopes of the uncoated sands range from 1.4x10-4 to 3.1x10-5 and slopes of the coated sands range from -1.1x10-4 to 6.0x10-5. The coated
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quartz sand spectra have higher slopes than the uncoated quartz sand and have dominantly
positive slopes at phase angles less than 50°. The uncoated sand is more dominated by
negative slopes and only displays positive slope at phase angle less than 30 degrees. Both
sands have more positive slopes at backscattering geometries and more negative slopes at
backscattering geometries.

Figure 2.10: (A) Slope between 1450 and 1800 nm versus phase angle for coated quartz sand and
uncoated quartz sand. The slope for nanohematite at standard viewing geometry (i = 0, e = 35) is
indicated by the dashed green line at 0.00015. Heat maps of slope between 1450 and 1800 nm versus
emission and incidence angles for coated quartz sand (B) and uncoated quartz sand (C). Heat maps
include both positive and negative slope values.
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Reflectance values for both sands were sampled, centered at 450 nm, 755 nm, 868 nm,
and 1585 nm with 20 nm on either side. At 450 nm, the uncoated quartz sand is backscattering
and reflectance ranges from 0.12 to 0.60. Coated quartz sand on the other hand is much less
reflective, ranging from 0.036 to 0.072, and has the highest reflectance values at both forward
and backscattering geometries and the lowest reflectance values at geometries close to
standard (Figure 2.11a). At the 755, 868 and 1585 nm reflectance values for uncoated quartz
sand range from 0.16 to 0.8, 0.16 to 0.88, and 0.1 to 0.9, respectively, and for coated quartz
sand range from 0.43 to 0.7, 0.37 to 0.67, and 0.32 to 0.9, respectively. The reflectance ranges
for coated sand are narrower than the uncoated sand at each interval and coated quartz sand
reflectance ranges generally fall towards the top end of the uncoated quartz sand ranges. Both
sands at 755, 868, and 1585 nm are back scattering and Figure 2.11b is representative for
these three reflectance regions.

Figure 2.11: Heat map of reflectance v emission and incidence angles between 425 to 475 nm (A) and
1565 to 1605 nm (B) for coated quartz sand (1) and uncoated quartz sand (2).
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Two long spectral slopes, 1000 to 1850 nm and 1700 to 2450 nm, demonstrate that
coated quartz generally has more positive slopes than their uncoated counterparts, and all
sands show a general pattern of higher long slopes at backscattering geometries and lower
slopes at forward scattering geometries. Between 1000 and 1850mm, coated quartz spectra
show a positive slope at all viewing geometries (with the magnitude of the slope decreasing
towards forward scattering geometries), and uncoated quartz spectra show positive slopes at
backscattering geometries and negative slopes at forwards scattering geometries (Figure
2.12a). Between 1700 and 2450 nm, spectral slopes of coated and uncoated sands are all
negative, but the coated quartz sand spectra has negative slopes of a lower magnitude than the
uncoated quartz sand spectra. Both sands’ spectra show a general pattern of negative nearzero slopes at backscattering geometries and slopes progressing more negative towards
forward scattering geometries, and uncoated quartz spectra have the most negative slopes
when incidence angles are near 0° and emission angle is high.

Figure 2.12: (A) Slopes between 1000 and 1850 nm for coated quartz sand (A1) and uncoated quartz
sand (A2) as a heat map plotted against emission and incidence. (B) Slopes between 1700 and 2450 nm
for coated (B1) and uncoated quartz sand (B2) as a heat map plotted against emission and incidence.
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2.3.3.3 Mars-analog Basalt Sands
Initial observations of the spectra of uncoated and coated basalt sands are very similar
to each other, with a few small differences in the visible wavelengths (Figure 2.13). Both basalt
sands and nanohematite have absorptions in the violet to blue wavelengths and the coated
basalt sand absorption is stronger than the uncoated basalt sand. Both basalt sands have
another strong absorption ~1000 nm that does not align with the nanohematite absorption at
~875 nm. Longward of 1000 nm, the spectra of uncoated basalt and coated basalt sands are
nearly identical despite differences in the nanohematite spectra. Overall reflectance values of
basalt sands are very dark, <0.13 at all wavelengths for both sands, and have very similar
reflectance values. Uncoated and coated sands reflectance values differ from each other by
0.02 at most above 600 nm and above 1000, basalt sands differ from each other by less than
0.01. The largest differences in reflectance are between 400 and 600 nm, where coated basalt
sand reflectance is lower by as much as 0.05.

Figure 2.13: Subset of spectra of uncoated basalt sand, coated basalt sand, and nanohematite. Incidence
angle is 0 degrees for all spectra. Data susceptible to artifacts (1000-1400nm, phase angles greater than
40 degrees) is dashed for clarity. (A) Both basalt sands and nanohematite. (B) Basalt sands. Uncoated
basalt sand spectra are offset but +0.03 for clarity.
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Figure 2.14: (A) Band centers for the absorption feature between 750 and 1150 nm versus phase angle
for coated basalt and uncoated basalt sands. Nanohematite has an absorption shortward of both basalt
sands at 882nm (not shown in figure) at standard viewing geometry (i = 0, e = 35). (B) Heat map of band
centers for the absorption feature in coated basalt sand between 750 and 1150 nm versus emission and
incidence angles. (C) Band centers for the absorption feature between 2140 and 2320 nm versus phase
angle for both basalt sands. Nanohematite does not have an absorption feature in this wavelength range.

Band centers for absorption features between 750 and 1150 nm, 1800 to 2050 nm, and
2140 to 2320 nm show no variation between coated and uncoated basal sands or patterns
related to viewing geometry. Most band centers for the 750-1150 nm occur over a relatively
narrow window between 990 and 996 nm (Figure 2.14) regardless of phase angle. These band
centers do not align with a feature in nanohematite with a band center of 882 nm at standard
geometry. Band centers for the 1800 to 2050 nm feature occur over a wider range of band
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centers than the 750-1150 feature but are also nearly identical between coated and uncoated
sands. Band centers for the 1800 to 2050 feature range from 1900 to 1935 nm, which aligns
with the band center in nanohematite at 1918 nm over the same wavelength. The band centers
for the 2140 to 2320 feature also occur over a wide range, 2199 to 2251 nm, but are nearly
identical in both sands. The heat maps of band center versus emission and incidence for all
absorption features show a mottled distribution of band centers relative to viewing geometry and
no geometry-dependent pattern for band centers.
Centers of local maxima for coated basalt sand between 500 and 955nm fall at slightly
longer wavelengths than the local maxima for uncoated basalt sand (Figure 2.15). The peak for
the nanohematite at standard geometry falls at 737 nm. The centers of local maxima for both
sands partially overlap, as centers range from 672 to 723 nm for uncoated basalt sand and 697
to 730 nm for coated basalt sand. The spectra of both sands trend to slightly longer band
centers at forward scattering geometries, though the trend is more pronounced in the uncoated
basalt spectra. Local maxima centers were calculated over slightly different wavelength ranges,
500 to 850 nm for uncoated basalt sand and 540 to 955 nm for coated basalt sand, to account
for the differences in shape and width of the feature in each sand.

Figure 2.15: Band centers. (A) Local maxima centers for the absorption feature between 500 and 850 nm
for uncoated basalt sand and 540 to 955 nm for coated basalt sand versus phase angle. The local
maximum center for nanohematite at standard viewing geometry (i = 0, e = 35) is indicated by the dashed
green line at 737 nm.
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Band depths for the absorption feature between 750 to 1150 nm are slightly deeper in
coated basalt sand than uncoated basalt sand, and band depths for the features between 1800
to 2050 nm and 2140 to 2320 nm are nearly identical. Between 750 and 1150 nm, band depths
are deeper by ~0.01 for coated basalt sand, especially at low phase angles (Figure 2.16).
Greatest band depths for both sands occur at phase angle between 50 and 60° and are
relatively low at both strongly forward and strongly backscattering geometries. The range of
band depths between 750 and 1150 nm is narrow, with all band depths for both sands falling
between 0.22 and 0.27. Band depths between 1800 to 2050 nm and 2140 to 2320 nm are
nearly identical between both sands with band depths ranging from 0.015 to 0.032 and 0.035 to
0.06, respectively. Figure 2.16b shows the near identical overlap of band depths for 2140 to
2320 nm. The 1800 to 2050 nm absorption show no trends with geometry, and the 2140 to 2320
nm feature shows greater band depths at forward scattering geometries.
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Figure 2.16: Band depths. (A) Band depths for the absorption feature between 1800 and 2050 nm versus
phase angle for coated basalt and uncoated basalt sands. The band depth for nanohematite over the
same interval at standard viewing geometry (i = 0, e = 35) is 0.164 and is not shown in the figure. (B)
Band depths for the absorption feature between 2140 and 2320 nm versus phase angle for basalt sands.
(C) Heat map of band depths for the absorption feature between 2140 and 2320 nm coated basalt sand
versus emission and incidence angles.

Reflectance values were measured centered on 450 nm, 710 nm, 995 nm, and 1585 nm
with 20nm on either side. Reflectance values of uncoated basalt sand at 450 nm were between
0.042 and 0.1, and for coated basalt sand were between 0.032 and 0.062. Both sands have
higher reflectance values at backscattering geometries (Figure 2.17). The remaining three
measured reflectance points were nearly identical between both sands and had higher
reflectance values at backscattering geometries. For both sands, reflectance at 710 nm ranged
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from 0.056 to 0.128, reflectance at 995 nm ranged from 0.035 to 0.084, and reflectance at 1585
nm ranged from 0.056 to 0.12.

Figure 2.17: Heat maps of reflectance between 425 and 475 nm versus emission and incidence angles
for uncoated basalt sand (A) and coated basalt sand (B).

Slopes measured between 475 and 600 nm were more steeply positive in coated basalt
sands than uncoated basalt sands, and slopes from 810 to 950 nm and 1910 to 2120 nm were
nearly identical, and all three slopes show similar patterns of slope related to geometry. The
slopes of coated basalt sand from 475 to 600 nm fall between 1.5x10-4 and 3.2 x10-4, and are
consistent with the slope of nanohematite, 2.1 x10-4, at standard geometry over the same
interval. In contrast the slopes for uncoated basalt fall between 4.5 x10-5 and 9.1x10-5. In both
sands, slopes are more steeply positive at backscattering geometries (Figure 2.18). The
negative slopes between 810 to 950 nm nearly identical between both sands but the coated
basalt sand has slightly less steeply negative slopes with the uncoated basalt slopes ranging
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from 9.0 x10-5 to 2.1x10-4 and coated basalt slopes ranging from 9.0 x10-5 to 1.9x10-4. Both
sands are most steeply negative at backscattering geometries (Figure 2.18). The gently
negative slope between 1910 and 2120 nm is nearly identical in both sands despite a steeply
positive slope in nanohematite over the same wavelengths. Slopes for both sands range from a
zero slope to -1.6x10-5 and are more steeply negative at backscattering geometries, yielding a
heat map of slopes versus emission and incidence nearly identical to Figure 2.18d.

Figure 2.18: Slopes between 475 and 600 nm. (A) 475 and 600 nm slope versus phase angle for coated
basalt and uncoated basalt sands. The slope for nanohematite over the same interval at standard viewing
geometry (i = 0, e = 35) is shown by the dashed green line at 0.00021. (B) 475 and 600 nm heat map of
slope for coated basalt sands versus emission and incidence angles. (C) 810 and 950 nm slope versus
phase angle for coated and uncoated basalt sands. (B) 810 and 950 nm heat map of slope for coated
sands versus emission and incidence angles

The slopes and geometry dependent patterns between 1000 and 1850 nm, and 1700 to
2300 nm are both very similar between coated and uncoated basalt sand spectra (Figure 2.19).
Between 1000 and 1850 nm, the spectral slopes of both sands are more steeply positive at
backscattering geometries (3.3x10-5 at the steepest) and less steeply positive at forward
scattering geometries (1.2x10-5 at the shallowest). The spectral slope in near-infrared (NIR) is
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generally measured from 1700 to 2500 nm. In this study, slope was measured from 1700 to
2300 nm due to the noise in the spectra upwards of 2300nm. The spectra slopes between 1700
and 2300 nm range from -3.0x10-5 to -1.0x10-5. Both sands also show near-identical geometry
dependent patterns, with steeper negative slopes at backscattering geometries, and shallower
negative slopes at forward scattering geometries.

Figure 2.19: (A) Slopes between 1000 and 1850 nm for coated basalt sand (A1) and uncoated basalt
sand (A2) as a heat map plotted against emission and incidence. (B) Slopes between 1700 and 2300 nm
for coated basalt sand (B1) and uncoated basalt sand (B2) as a heat map plotted against emission and
incidence.

2.4 Discussion
2.4.1 Sands and coatings
Quartz-dominant sands used in this study have a smoother surface than basalt sands
but circularity and roundness are difficult to compare between quartz and basalt sands due to
high standard deviations. Qualitative analyses show that basalt sand grains have a rough and
angular surface texture and sands have a relatively smooth surface texture. Circularity is
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roughly a ratio of the expected circumference of a circle with the same area as the grain, to the
actual perimeter of the grain. Marginally lower circularity in basalt sand grains is consistent with
the roughly equivalent mean areas for each grain type and a greater mean perimeter in basalt
sands. Roundness, which takes into account the length of the major axis and surface area of
each grain, is representative of the elongation of each grain. Quartz-dominant grains have a
slightly higher mean roundness (are less elongate) than basalt grains but high standard
deviation makes assigning meaning to this difference difficult.
Basalt sands used in this study have lower circularity values than basalt sand grains on
Mars. Natural terrestrial basaltic particles range in roundness from subrounded to angular
(Tirsch et al., 2012), but sand grains on Mars round quickly relative to terrestrial particles,
possibly due to more energetic eolian erosion conditions caused by a less dense atmosphere
(Krinsley et al., 1979). Sand grains on Mars, based on images collected by the Mars Exploration
Rover (MER) Opportunity at Meridiani Planum and the Mars Science Laboratory (MSL)
Curiosity at Gale Crater, range in circularity from 0.83 to 0.95 and categorized as angular to
subrounded, and 0.93 to 0.97 and categorized at subangular to rounded respectively (Weitz et
al., 2006; Weitz et al., 2018). High circularity in both studies is attributed to an extensive
abrasive history. Basalt grains used in this study are angular to sub angular and have lower
circularity, 0.55, than basalt sand grains on Mars. Given the method by which basalt sand was
produced, it is unsurprising that circularity is low and sand grains are angular. Surface textures
are known to influence spectroscopy and comparing the photometric properties of rounded
coated and uncoated sand grains to the photometric properties of the rough and angular grains
used in this study may provide further insight into photometric properties of sands on Mars.
The surface roughness of the lab-produced basalt affects the spectral features of the
lab-produced sand and may affect the amount of hematite that can adhere to sand grains during
the coating process. The spectra of finer grained particulates and rougher materials are
generally brighter and have shallower absorption bands than larger particles of the same
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material (Pieters, 1983) because of the increased surface area, and therefore surface
reflectance, and the decreased path lengths of light within the material where absorption may
occur. The high roughness of the basalt sand may also have increased the amount of
nanohematite that adhered to the grain based on the observation that the nanohematite
spherules are concentrated in the crevasses of the grains. Further study is needed to quantify
the effects of grain surface roughness on the nanohematite adhesion process and to morecompletely represent the natural variation in basalt sand texture.
Nanohematite sand grain coatings from this study differed from the results of
Scheidegger et al. (1993) in several ways. Scheidegger et al. (1993) produced even coatings of
individual ferric oxide particles, both goethite and hematite of about 100 nm diameter, evenly
distributed across the surface of silica sand grains. In this study, adhered hematite for both
quartz and basalt sands primarily consisted of spheroid aggregates concentrated in the cracks
and crevices of individual grains (Figure 2.5a, c-d). A thin, mottled coverage was observed on
some coated quartz grains (Figure 2.5b) but the same diffuse coverage was not seen on coated
basalt grains. Scheidegger et al. (1993) demonstrates that ferric oxides bond to silica dominant
sand through a Si-O-Fe bond, which provides insight to the lower adhesion rates of hematite to
basalt, where fewer silica bonding sites are available. Scheidegger et al. (1993) yielded an even
coverage of ferric oxide particles over the surface of their sand grains, which this study did not
see even in the most direct replication the Scheidegger et al. (1993) method. This difference
may be explained through two key differences in methodology: (1) this study used smaller
hematite particles (40-50 nm) that may have been more prone to clumping than the ~100 nm
hematite and goethite particles used by Scheidegger et al. (1993), and (2) the method of particle
agitation used by Scheidegger et al. (1993) during the lab adhesion process was not described,
but likely differs from the method of rotation used for this study (Figure 2.1), which may affect
the mode of adhesion.
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The spheroidal deposition of hematite on sand grains differs from the dispersed mode of
adhesion seen in Scheidegger et al. (1993). Scheidegger et al. (1993) produced evenly
dispersed nanoscale spheres of hematite on quartz sand grain surfaces, whereas this study
found microscale spheres accumulated in cracks and crevices of sand grains in both the quartz
and basalt sands. Further research into naturally iron oxide-coated sands, like those in Namibia,
would provide more insight into the mode of adhesion of iron oxides onto sand surfaces under
natural circumstances.

2.4.2 Model for the photometric differences for coated sand
The geometric considerations for optical path lengths through coatings on sand grains
are inherently different than coatings on smooth slabs. On a flat slab with a flat, even coating,
path lengths are equal for a given geometry regardless of where on the slab the incident light
interacts with the surface, whereas the rounded and rough nature of a collection of sand grains
results in a variety of path lengths depending on the geometry of incident and emitted light and
shadowing (both self-shadowing of the grain in question and shadowing by surrounding grains).
In order to explore these differences, the following thought experiment analyzes a comparison
between a slab and a single sand grain with equal coating thicknesses, the geometric effects of
multiple sand grains, and a single sand grain model of an uneven coating, roughly equivalent to
the mode of coating seen in this study. For each of these models, only single-scattering
pathways are considered and multiple-scattering pathways are considered blocked or muted for
simplicity.
The simplest comparison to model for this scenario is a comparison between a slab and
a single sand grain with equal coating thicknesses. For incident light that hits the apex of a sand
grain, the pathlength is equivalent to the pathlength for a coating on a slab with the same
coating thickness (Figure 2.20). Away from the grain apex, path lengths through the coating
generally lengthen, with the exception of backscattering light, until the pathway is blocked by the
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grain. Self-blocking by the grain for a given pathway occurs closer to the apex of the grain for
larger phase angles and further from the grain for smaller phase angles, particularly for forward
scattering angles. For back scattering light, as both the incident and emission angles approach
normal to the surface of the sand grain, the path lengths approach 2x the coating thickness, or
the shortest pathway through the coating.

Figure 2.20: Self-shadowing for a single sand grain at standard geometry, a forward scattering geometry
and a backscattering geometry.

When multiple grains are added to the model, grain shadowing becomes more
prominent for grains in the “trough” between two raised grains. When incident and emission
angles are both low and near the apex (Figure 2.21), little or no shadowing occurs and all grain
pathways are around twice the coating thickness. As the emission angle increases some
emitted light is blocked from the trough grain by a raised grain, and as incident angle increases,
incident light is blocked by the raised grain, preventing it from reaching the trough grain. As both
the incident and emission angles increase, path lengths through the coating increase as well,
but progressively more of the signal is blocked. When both incident and emission angles are
high, some incident light is blocked and some emission light is blocked for trough grains and

100

very little signal is ultimately received from trough grains due to shadowing by raised grains.
These high phase angle geometries have long path lengths through the coatings, so the coating
is optically thicker at these geometries, but the signal from trough sand grains is limited and will
come primarily from raised grains. This is consistent with the shadow-hiding opposition effect
model presented in Hapke (1993).

Figure 2.21: Shadowing of trough grains at low phase angle near the zenith (i = -20, e = 20) and at a
forward scattering geometry (i = -30, e = 50)

The next portion of this model examines possible coating pathways when the coating
exists solely in crevices in the grain and not in an even coating, similar to the mode of adhesion
seen in both the ferric-coated sands and the ferric-coated basalt sands. For every orientation of
the modeled wedge coating, some geometry is blocked or muted (Figure 2.22). One of the main
differences between this model and the even coating model, is that, geometrically, path lengths
shorter than twice the coating thickness are possible and no path lengths significantly greater
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than twice the coating thickness are possible, which makes path lengths through this mode of
coating optically shorter and more transparent than even coatings. Additionally, without a
surface coating on the outside of the entire grain, signal from the uncoated grain will be more
prominent in the resulting spectra. When more grains are added, crevice coatings become very
optically thin and are more likely to be blocked by surrounding grains, in which case, the signal
from the substrate sand would dominate.

Figure 2.22: Crevice fillings at different orientations for standard, forward and backscattering geometries
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The detailed photometric study completed by Hoza (2019) applied silica coatings to
basalt slabs, and even without considerations for differences in photometry for sand and
polished slabs, hematite has different material properties from silica that require additional
consideration. Hematite has a high refractive index (n), which when applied to Snell’s law,
n1sin(θ1) = n2sin(θ2)
where θ1 is the angle of incident light from normal and n2 is the angle of refracted light from
normal, results in a lower θ2 (closer to normal) and a shortened path length relative to materials
with smaller refractive indices, like silica. Figure 2.23 shows the application of Snell’s law for
hematite and silica.

Figure 2.23: Refraction angles and pathlengths for hematite (left) and silica (right) based on Snell’s Law:
n1sin(θ1) = n2sin(θ2). The refractive index of 2.5 for hematite is accurate for wavelengths ~400 nm and
~1000 nm, and the refractive index of 1.5 for silica glass is accurate for wavelengths ~400 to 1100 nm.

Additionally, silica and hematite have different extinction coefficients (κ). Extinction
coefficient accounts for absorption of energy propagating through a material and is the
imaginary part of the complex index of refraction (Jenkins & White, 2001; Peatross & Ware,
2016; Shepard, 2017). Higher extinction coefficients show that more light is absorbed by the
material and less is transmitted. Silica glass has a very low extinction coefficient, around 1x10-5
and lower in the VNIR wavelengths, so most light is transmitted through a silica coating
(Khashan & Nassif, 2001). Hematite, on the other hand, has extinction coefficients between
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1x10-2 and 1x10-1 in all VNIR wavelengths except around 400 nm, where its extinction
coefficient is ~1.0 (Querry, 1985). The effect of high extinction coefficient at 400 nm is seen in
the form of a large absorption feature in the reflectance spectra of hematite. The high refractive
index of hematite relative to silica glass imply that path lengths through hematite coatings are
shorter relative to silica, which may lead to a relative increase in the substrate signal compared
to the coating signal in composite spectra.

2.4.3 Quartz-Dominant Sands Spectra
Though ferric-coated quartz sand is not relevant to Martian geology, the relatively
featureless spectra of quartz provides valuable insight to how spectra of nanohematite mixes
with another material. Physical mixtures of materials do not result in linearly-mixed VNIR
spectra, and spectra of two materials may mix nonlinearly and this can depend on wavelength.
One material may dominate the spectrum. For example, a small amount of pyroxene (<5%) is
detectable in mixture with plagioclase, but plagioclase absorption features only manifest when
plagioclase is a significant majority of a mixture with pyroxene, >85% (Crown & Pieters, 1987).
Spectra of mixed components are affected by particle size, surface texture, opacity and albedo
of grains, and relative abundance of mineral types (Crown & Pieters, 1987; Harloff & Arnold,
2001; Poulet & Erard, 2004). Overlapping spectral features lead to non-linear mixing of spectra
and can lead to apparent absorption band positions dependent on relative mineral abundances
or overlapping features may appear as a single absorption feature at an intermediate position
(Crown & Pieters, 1987). Since the spectrum of quartz is bright and (relatively) featureless, the
effects on the spectrum due to the addition of nanohematite will be clearer than for materials
with more complex spectra.
The absorption at or below 400 nm in the uncoated sand is unexpected for pure quartz
and could indicateFe3+-containing grains included at manufacture, a non-pure silica composition
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of the quartz sand grains, or contamination in the lab of nanohematite and/or basalt particles. A
combination of each of these factors is likely. The sand was tinged orange/yellow and contained
a smattering of small dark grains (Figure 2.4b). While care was maintained to prevent
contamination of the quartz dominant sand, the sand was stored and spectrally observed in a
lab where basalt sand and whole-rock basalt was stored, logged, and processed, and
contamination from these cannot be dismissed as a possible source of contamination.
At visible wavelengths, nanohematite dominates the spectra of the coated quartz sand,
and above 1800 nm the quartz sand dominates the spectra of the coated sand. The coated
sand has a strong absorption apparent in the violet to blue wavelengths that trails into the visible
from the UV, which is consistent with the oxygen-Fe3+ charge transfer absorption in
nanohematite (Rossman & Ehlmann, 2019). The absorption with band centers generally
between 870 and 875 nm is also consistent with the Fe3+ absorption at the same wavelengths in
nanohematite. The substrate quartz sand in the visible region is relatively featureless, which
makes the effect of the nanohematite on the spectra very clear. Above 1800 nm, the spectra of
both sands are similar and share a vibrational absorption for H20 near 1900 nm, and a Si-OHabsorption near 2200 nm.
Measured band centers show no discernable pattern across viewing geometries, which
confirms that absorption bands can be used to identify minerals across different viewing
conditions. All measured band centers are consistent regardless of viewing geometry and are
nearly identical between coated and uncoated sands where absorption features exist. The
largest difference of band centers between a component part and the resulting mixed spectra is
the Fe2+ absorption at ~882 nm for nanohematite and between 870 and 875 nm for coated
quartz sand. The band center for the Fe2+ absorption is known to migrate to longer wavelengths
with decreasing grain size (Morris et al., 1989; Rossman & Ehlmann, 2019), which is consistent
with the relatively larger particle size of the spherical adhesions of nanohematite coatings
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compared to the loose nanohematite powder. Overall, the consistency for band centers lends
confidence to the accuracy of mineral identifications regardless of illumination conditions
because band centers do not change with viewing geometry.
Band depths of the coated quartz sand are correlated to the component that is dominant
in that part of the spectra. At 875 nm, the band depth of the coated quartz sand is about one
quarter the band depth of the nanohematite, but given that the uncoated sand has a slight,
broad maximum in this region, the clear minimum in the coated quartz sand is due to the effect
of the nanohematite. The absorption feature at ~1925 nm in the silica-dominant section of the
spectra, on the other hand, is nearly identical in both sand spectra despite a much deeper band
depth in the nanohematite at the same wavelength. At ~2207 nm, the spectra of the combined
product is dominated by the quartz spectra absorption feature. The coated quartz sand
absorption at ~2207 nm is not as deep as the uncoated quartz sand feature (~65% at the
largest discrepancy), likely due to the lack of absorption feature for nanohematite at the same
wavelength.
Throughout the spectra of coated quartz sands, the spectra of either nanohematite or
uncoated quartz sand dominates, but the slope of coated sand spectra between 1450 and 1800
nm shows a combination of both component spectra unique to spectral slopes at this interval. At
standard geometry, nanohematitie has a broad maximum with a positive slope between 1450
and 1800 nm. Uncoated quartz, on the other hand, have primarily flat spectra. The spectra of
coated quartz sands at this interval are straight (similar to uncoated quartz sand), have higher
slope values compared to uncoated sand, and have a mixture of positive and negative slopes,
though more geometries have positive slopes than negative slopes. The nanohematite
spectrum, which has a strong positive slope, seems to “pull” slope values of coated quartz
higher than their uncoated counterparts, but the coated quartz spectra are straight, like the
uncoated spectra, and do not have maxima, unlike the nanohematite spectra. Both sands have
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lower values of slopes at forwards scattering geometries, though the uncoated quartz sand
tends to have the lowest slopes at moderately forward scattering geometries rather than
strongly forward scattering geometries.
Long slope values over the intervals 1000 to 1850 nm and 1700 to 2450 nm show an
increase in slope at most or all viewing geometries with the addition of nanohematite. Between
1000 and 1850 nm, uncoated quartz sand has a mixture of slightly positive and slightly negative
near-zero slopes. With the addition of nanohematite, the coated quartz sand displays all positive
slopes. This positive slope is the result of the ~875 nm absorption in the nanohematite and
coated quartz sand, which contributes to lower reflectance values at 1000 nm, and therefore
higher slope values over the 1000 nm to 1850 nm interval. The nanohematite used in this study
has a negative slope over the 1700 to 2450 nm range, which is puzzling given the relatively
more positive slope of coated quartz sand compared to uncoated sand. This may be the result
of the quartz sand spectral shape dominating the coated quartz sand spectra combined with the
overall higher reflectivity of the nanohematite.
Geometry-dependent patterns are consistently similar between the coated and uncoated
sands for a variety of metrics, except for the violet-wavelengths reflectance. For the metrics
which show the same geometry-dependent pattern in coated and uncoated quartz sands, the
addition of the nanohematite only affects the magnitude of the metric. The reflectance values
between 425 and 475 nm is the one exception, where the geometric patterns seen in the coated
and uncoated quartz sands differ from each other. The reflectance of uncoated sand between
425 and 475 nm, like all other sampled reflectance values, is higher at backscattering angles
and lower at forward scattering angles. The coated sand shows an increase in reflectance at
both forward and backscattering geometries, and moderate phase angles that are neither
strongly forward scattering nor strongly back scattering have the lowest reflection values. In the
coated quartz sand spectra, the significantly decreased reflectance is a result of the absorption
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band in nanohematite due to the oxygen-Fe3+ charge transfer in the UV range. The patterns
seen here are consistent with the photometric model for coated sand grains – the decrease in
reflectance is due to the nanohematite, and the most coating is observed in geometries with
small phase angles where both the incident and emission angle are close to zero, so the lowest
reflectance values are observed at these angles.
In summary, coated quartz sand spectra differ from uncoated quartz sand spectra in
several key metrics, the most diagnostic of which occur below 1000 nm. Coated quartz sand
has two absorption features that are diagnostic of a nanohematite coating: one strong
absorption that trails into the violet and blue visible range from the UV, and a smooth absorption
of low-moderate depth and breadth centered at ~875 nm. The steep slope between these
absorptions is also diagnostic for coated quartz sand. The slope between 1450 and 1800 nm
may be diagnostic of ferric coatings on quartz sand if the slope is positive, but since the
uncoated sand also has positive slopes over this interval at low phase angles and the coated
sands have negative slopes at some high phase angle geometries, viewing geometry should be
taken into account before using slope at this interval as a diagnostic feature. If measurements
from a range of viewing geometries are available, the oxygen-Fe3+ charge transfer absorption is
deepest at low phase angle geometries where incident and emission are near zero.

2.4.4 Basalt Sands Spectra
Nanophase iron oxides and basalt sands are pervasive on the surface of Mars (Bishop
et al., 2002, p. 2002; Ehlmann & Edwards, 2014; Malin & Edgett, 2000; McSween & Keil, 2000;
Morris, 2004; O’Connell‐Cooper et al., 2017; Sullivan et al., 2008) and due to their ubiquity,
basalt sands with nanohematite as a coating component is highly likely. Ferric dust on basalt
slabs is known to cause a negative continuum slope (1700 to 2500 nm) (e.g., Fischer & Pieters,
1993) but effects of ferric coatings on sand is systematically tested in the lab in this study.
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Harloff and Arnold (2002) propose based on observational evidence of the Martian surface that
the negative continuum slope is unique to ferric dust on bedrock and that ferric dust on sand
does not create a negative continuum slope and is instead dominated by a neutral continuum
slope.
Coated and uncoated basalt sand spectra in this study are nearly identical, with the band
centers of every absorption feature that are largely overlapping and near identical geometrydependent patterns for all metrics, and have minor differences in the visible wavelengths. The
most distinct differences between basalt sands are in the magnitude of reflectance in the violet
wavelengths and the steepness of slope leading to red wavelengths, and the peak center ~700
nm. Spectra of both sands share absorptions centered at ~400 nm, 990-1000 nm, 1900-1920
nm, and 2200-2240 nm, which are largely the same in band depth as well as band center
outside of the visible wavelengths.
Similar to the observations of band centers in the quartz sands, band centers for
absorption features in both basalt sands do not shift significantly between the coated and
uncoated sands, and band centers do not show any geometry dependent patterns. As stated in
section 2.4.4, the consistency in band centers ensures that mineral IDs, which are primarily
made based on absorption band centers, can be made with confidence. Absorption band
centers at ~1000nm, ~1920 nm, and ~2220nm thoroughly overlap between basalt sands
spectra. Band centers for both sands also show no geometry-dependent pattern and appear to
be randomly distributed in a way that does not correlate to viewing geometry.
The lack of variation in band centers was largely expected, but with a strong absorption
in basalt at ~1000 nm and in nanohematite at ~875 nm, I expected to see a shift shortward in
the band center of the coated basalt sand as a result of the ~875 nm absorption in
nanohematite, yielding a band with an intermediate position between the two component
absorptions. The depth of the nanohematite absorption at ~875nm is deeper relative to the band
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depth of basalt at ~1000nm, which originally led me to believe the nanohematite would
contribute significantly to the spectra of nanohematite coated basalt. Given the distinct lack of
change in this region of the spectra, it is likely that the basalt dominates the spectra for two
reasons: (1) the basalt is dark and opaque, which causes it to dominate the spectra, and (2) the
relative abundance of nanohematite, which is bright relative to basalt, is too low to affect the
location of the absorption band of the substrate basalt due to nonlinear mixing effects (e.g.,
Bishop, 2019; Bishop et al., 1993; Clark, 1983; Crown & Pieters, 1987; Fischer & Pieters, 1993).
The local maxima of basalt sand ~695 nm shifts slightly longward with the addition of a
nanohematite coating. The coated basalt sand spectra have maxima centering ~715 nm and
given that the peak center of the nanohematite spectrum falls at 737 nm, it is likely that the
addition of nanohematite the basalt sand pulls the peak longward. When compared over the full
suite of viewing geometries, the band centers of both sands do overlap, but most uncoated
basalt sand local maxima fall below 710 nm and most coated basalt sand maxima fall above
700 nm. If the local maxima band center is to be used as a metric for differentiating uncoated
basalt and basalt with a ferric coating, measurements from multiple viewing geometries would
be required to confidently make an ID since some maxima for uncoated sand may be as long as
the maxima centers for coated sand, but over multiple geometries, the two sands are more
distinguishable.
Band depths of the features above ~1800 nm are identical in both sands, and the
absorption feature at ~1000 nm has a slightly deeper band depth in the coated than the
uncoated basalt sand. Given the patterns seen in the quartz sands, small differences correlated
to the features in the nanohematite spectrum were expected, but there are no differences in
band depth at ~1920 nm and ~2220 nm or viewing geometry patterns for band depth at the
same absorption wavelengths. The band depths at ~1000nm are marginally different, with
coated basalt sand showing band depths ~0.0-0.02 deeper than the uncoated basalt sand
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spectra. Additionally, each absorption feature shows the same geometry-dependent patterns in
both sands. Overall, the lack of differences between band depths in both sands makes band
depth a poor metric for differentiating basalt sand and basalt sand with a ferric oxide coating.
Reflectance values are nearly identical between basalt sands at several key inflection
points, but there is a minor difference in the magnitude of reflection between 425 and 475nm,
where nanohematite has a strong absorption feature. Both sands have strong absorptions in
this violet-blue range, but the coated basalt sand spectra have lower reflectance (and greater
absorption) than the uncoated basalt sand at every geometry. Reflectance at the local maxima
~700nm, the absorption ~1000nm, and the broad maxima ~1600nm are nearly identical in both
sands. At all four locations (~450nm, ~700nm, ~1000nm, ~1600nm), reflectance values are
highest at backscattering angles and lowest at forward scattering angles. Given the uniformity of
reflectance values across viewing geometries, geometry dependent patterns of reflectance
values are not diagnostic for distinguishing coated and uncoated sands, though the reflectance
values in the violet-blue wavelengths may be useful for ID when combined with other indicators.
The slope leading out of the violet absorption between 475 and 600nm is positive for
both sands and steeper for coated basalt sand. Given that the coated basalt sand is less
reflective ~425nm than uncoated basalt sand, the slope is likely steepened due to the increased
absorption shortward of the slope. Also notable is that the slope of nanohematite over the same
wavelength interval falls in the middle of the range of values for coated basalt sand, which could
be diagnostic for ferric coated sands. In both sands, the highest slopes are at back scattering
angles and the lowest slopes are at forward scattering geometries and there is a slight decrease
in slope at specular geometries (i = -e).
The remaining short slopes examined (810-950nm and 1910-2120nm) are nearly
identical for both sands in magnitude and viewing-geometry dependent patterns. Of particular
surprise, was the lack of change in slope between coated and uncoated basalt sands between
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1910 and 2120nm where both sands have negative slopes that are of near identical values at
every viewing geometry despite the strongly positive slope of nanohematite over the same
interval. In the quartz sands, the effects of the nanohematite on the coated quartz sand spectra
were less pronounced at longer wavelengths and this same pattern is prevalent for the basalt
sands as well.
Long slopes of both sands from 1000-1850nm, are consistent in magnitude and
geometry dependent patterns. The 1000-1850nm slope is positive at all geometries due to the
strong absorption feature at ~1000 nm in both sands and slopes are higher at backscattering
geometries and lower for forward scattering geometries for both sands. Additionally, the
magnitudes of slopes are nearly identical for both sands, making slope at this wavelength a
poor diagnostic parameter to distinguish the sands. Given the minimal differences seen in the
spectra outside of the visible wavelengths, it is unsurprising that these long slope values are
nearly identical.
The continuum slope of Mars is measured over wavelengths 1700 to 2500nm and is
thought to be negative due wavelength-dependent transparency of nanophase iron oxides
which are ubiquitous over the surface of Mars (Fischer & Pieters, 1993). I measured the
continuum slope between 1700 and 2450nm (rather than 2500 nm due to noise in the spectra).
The continuum slope of both sands is negative and the magnitudes of the negative slopes are
nearly identical at all wavelengths. The negative continuum slope is seen in regional scale
spectra of both the bright and dark regions of Mars and has been replicated in the lab with thin,
loose ferric coatings on smooth, dark substrates, and with intimate mixtures of ferric oxides and
opaque particles (such as magnetite) with grain sizes on the order of the wavelength of light
(Fischer & Pieters, 1993).
The negative continuum slope seen in both basalt sands in this study differs from the
results of Fischer and Pieters (1993) and may be more consistent with the findings of Harloff
and Arnold (2002). Our use of basalt sand as the substrate material in this study is
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fundamentally different from Fischer and Pieters (1993), which loosely coated basalt slabs with
ferric dust. The ferric dust, made of crushed cinder, had a strong UV absorption, similar to
nanohematite used in this study, but was a composite material containing ferric oxide
components, which differs from the pure ferric oxide coating used in this study. The composite
ferric dust used by Fischer and Pieters (1993) likely had a different refractive index (n) and
extinction coefficient (k) than nanohematite. Spectrally, properties of both component materials
used in this study differ from Fischer and Pieters (1993), which showed a neutral continuum
slope for the basaltic substrate and ferric dust. The uncoated basalt sand and the nanohematite
in this study each have a negative continuum slope. In the combined material, coated basalt
sand, the continuum slope of the substrate uncoated basalt sand is unaffected by the addition of
nanohematite. The lack of change in the continuum slope with the addition of hematite is likely
the result of the fundamentally different photometric properties of sand versus slabs, as is
suggested by Harloff and Arnold (2002).
Due to the curved nature of the surface of a sand grain, at any given viewing geometry,
light may have relatively long and short pathlengths simultaneously depending on where on the
curved surface of the sand it hits (e.g., Figure 2.20). Additionally, the rough nature of the surface
of a collection of sand grains causes shadowing, which in the case of backscattering geometries
(generally to be considered of relatively short path lengths in slabs) selects for the longest
pathways because the shorter pathways of the shadowed grain are blocked by the surrounding
grains (e.g., Figure 2.21). This integration of pathlength over a curved sand surface and
shadowing selecting for path lengths at odds with the traditional understanding of pathlengths in
coated slabs completely masks or diminishes the negative continuum slope effect in ferriccoated sands. These differences may be influenced by the relatively low amount of
nanohematite adhered to the basalt sand grains for this study, or the uneven mode of adhesion
with nanohematite deposited in crevices areas of the grain. The crevice-concentrated coatings
seen in this study have shorter longest-possible-path-lengths relative to even coatings (Figure
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2.22), which may also contribute to the transparency of the nanohematite in the coated basalt
sand spectra.
Through the spectra of both basalt sands, all metrics show the same patterns dependent
on viewing geometries from one sand to the other. In the quartz sands, all measured metrics
showed the same geometry dependent patterns in both sands except the UV-violet-blue
absorption ~450nm. At ~450nm, the basalt sands show a difference in magnitude, but both
sands have higher reflectance at backscattering angles and lower reflectance at forward
scattering angles.
In summary, the primary differences between the coated and uncoated basalt sands is
the magnitude of reflectance at ~450nm, the magnitude of the positive slope between 475 and
600nm, and the location of the peak ~700nm. The ~450nm reflectance values are lower at all
geometries for the coated basalt sand and could be determined from a single measurement. For
slopes between 475 and 600nm, coated basalt sand spectra show positive slopes that are
steeper than uncoated basalt sand spectra slopes and are roughly equivalent with the slope of
the nanohematite spectra over the same wavelength. The ~700nm peak locations are markedly
higher for coated basalt sand with local maxima centers around ~720nm, but spectra of some
uncoated basalt sand measurements also have values as high as 719nm, though most values
fall below 700nm. A confident ID based on peak center should be based on several spectra at
several geometries. Above about 800nm, the spectra of the coated and uncoated basalt sands
are indistinguishable from each other. The lack of change in the continuum slope can be
explained by the fundamentally different texture of coated sands versus coated slabs and the
crevice-concentrated coatings reduced pathlength leading to transparency of the coating.
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2.4.5 Future work
To our knowledge, lab-produced, pure ferric coatings have never been studied
photometrically and the studies that have examined coatings of any composition in the lab were
examined on rock slabs and not sand. Currently no methodology exists, to our knowledge, to
adhere ferric coatings to rock slabs in a relatively permanent way. Short of developing a new
methodology to fill this gap, which would provide an opportunity for direct comparison of ferric
coated sands to ferric coated slabs, detailed photometric studies of natural rock surfaces with
ferric coatings would provide an opportunity for the comparative effects of ferric coatings on
slabs verses sands. A further exploration of natural versus lab-produced materials could also
include comparisons of lab-coated sand with naturally ferric-coated sand like that from the
Namibia Sand Dunes, both photometrically and morphologically in order to further evaluate
viability of the cracks-and-crevices mode of coating seen in this study as a model for ferric
coated sand.
Relatively little ferric material was adhered to the basalt sands due to fewer bonding
sites for Si-O-Fe adhesion (Scheidegger et al., 1993), which yielded thin and uneven coatings.
Further systematic testing of the factors laid out in Scheidegger et al. (1993) could yield differing
thicknesses of coatings. A detailed photometric study of multiple thicknesses of ferric coating on
basalt sands may yield further insights into the photometric effects of ferric coatings on basalt.
The lab-produced basalt sand used for this study was highly angular, which could have
increased light scattering relative to a smoother surface. A replication of this study with more
rounded sand grains would provide an opportunity to evaluate the photometric effects of finescale roughness and angularity. Given the cracks-and-crevices mode of adhesion for ferric
material in this study, smoother grains with shallower and fewer cracks may yield differences in
ferric adhesion to the sand surface in addition to textural photometric differences. The quartz
sand used in this study was sub-rounded and, due to an abundance of bonding sites, had
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relatively more nanohematite adhered to the surface compared to the basalt sand. Because of
the inherent compositional differences between quartz sand and basalt sand, the effect of grain
angularity is difficult to evaluate in this case.
The focus of this study has been coatings on sand, but rinds created by leaching, rather
than addition of material, have been found on Mars (Horgan & Bell, 2012) and in Martian analog
sites (Chemtob et al., 2010; Minitti et al., 2007). Based on spectra from OMEGA (Observatoire
pour la Mineralogie, l’Eau, les Glaces et l’Activité), Horgan & Bell (2012) correlate a unique
concave-up spectral signature in the near infrared (700 to 1500 nm) to leeched, silica-rich
glassy sand. These silica-rich leeched sands, which are formed by the removal of other material
beside silica, are different from silica coatings, which are formed by the deposition of silica onto
a surface. The unique spectral signature seen in Horgan and Bell (2012) suggests that the
different formation pathways affect the spectral output of a surface and demonstrates the need
for further study of leached rinds in addition to coatings on both basalt sands and slabs.

2.5 Conclusions
Pure ferric coatings adhered to basalt sands were, to our knowledge, manufactured
successfully for the first time in the lab for this study. The methodology for adhering
nanohematite to sands grains was based on Scheidegger et al. (1993), that adhered various
iron oxides to silica sands. Scheidegger et al. (1993) suggests that iron oxides adhered to
quartz grain surfaces through Si-O-Fe bonds. Since basalt contains less silica than a pure or
relatively pure quartz, if Si-O-Fe bonds are a primary mode of adhesion for iron oxide to sand
grains, fewer bonding sites are available for the iron oxide particles to adhere to the basalt sand
particles. A relative decrease in Si-O-Fe bonding sites in basalt sands is consistent with the
decrease in adherence to basalt sand grains seen in this study. Other factors that may
contribute to differences in coating between quartz and basalt sands include different points of
zero charge for basalt and quartz, and the mixed-phase nature of basalt. Nanohematite
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coatings manufactured in this study also resulted in agglomerated spheroids of nanohematite
adhering in the crevices of sand grains, which differs from the diffuse and even coatings
produced by Scheidegger et al. (1993). The angular texture of the basalt grains or agitation
method used in this study may also affect the resulting amount and mode of iron oxide coating.
The most prominent differences between quartz sands were the lower reflectance values
in the violet wavelengths for the coated quartz sand, the change in geometry dependent pattern
in the violet wavelengths, and the slope between 1450-1800 nm which was generally negative
for the uncoated quartz sand, and generally positive for the coated sand. While the reflectance
values in the violet wavelengths could likely be distinguished with a single geometry, the
geometry dependent patterns and the 1450-1800 nm slopes would be best determined based
on several spectra taken over a range of viewing geometries.
For basalt, the most prominent differences between the coated and uncoated sands are
the relatively lower reflectance of the coated basalt sand in the violet wavelengths, a relatively
steeper slope between 475 and 600 nm for coated basalt sand, and the location of the peak
~700 nm, which is 20-40 nm longer for coated and uncoated basalt sand. The differences in
magnitude between basalt sand metrics is large enough at any viewing geometry that one
viewing geometry could be used to validate the differences between the lower reflectance in the
violet, and the positive slope between 475 and 600 nm. The center of the local maximum varies
between sands, but depending on viewing geometry there is some overlap, so the use of this
metric to differentiate coated and uncoated sands would be best used when spectra from a
range of viewing geometries can be collected and examined.
Both sands that were coated in nanohematite showed some similarities and some
differences from their uncoated counterparts. Both coated sands spectra showed the most
distinct differences from their uncoated counterparts in the shorter wavelengths and differences
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became more subtle at longer wavelengths. Both coated sands show much lower reflectance in
the violet wavelengths where nanohematite has a strong absorption, but quartz sand also
showed a change in the geometry dependent pattern between the coated and uncoated
samples that was not seen in basalt. At longer wavelengths, the basalt spectra showed no
changes above the visible range and are essentially indistinguishable from one another. Quartz
sands showed a decrease in the effect of nanohematite on the quartz spectra at higher
wavelengths, but small differences were seen. The ~875 nm absorption in nanohematite has a
distinct effect on the spectra of quartz in the coated samples, but this same absorption has little
to no effect on the spectra of basalt.
Future work related to this project could include examining the effects of silica coatings
on the photometry of basalt sands, examining the effects of mixed silica and ferric coatings on
basalt sands, applying ferric coatings to slabs of basalt and studying its effects on
spectrophotometry, and repeating the methodology of this study with rounded basalt sand
grains to determine the effects of grain texture on both the adherence of nanohematite to the
sand surface and the photometric effects of grain angularity in conjunction with ferric coatings.

Conclusion
The work done in chapter 1 to calibrate Mastcam-Z largely confirms the validity and
consistency of Mastcam-Z spectra and finds a couple factors that may contribute to higher error.
Root mean square error (RMSE) of spectra measured via Mastcam-Z is generally below 0.03
and almost exclusively below 0.05 reflectance units relative to Spectralon, indicating that
reflectance values collected with Mastcam-Z are a good match to hyperspectral lab data.
Broadband filters were shown in convolution to mis-quantify reflectance due to the wide
wavelength range sampled. The RMSE was calculated relative to convolved values, which
accounts for the known broadband sampling errors, but broadband filters still yielded higher
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RMS error than narrowband filters, suggesting another yet unknown source of error in
broadband filters. In comparing Mastcam-Z filter closeness of fit to WWU lab data, filters L/R0B
and R3 were consistently found to, respectively, under- and over- quantify reflectance by more
than the Mastcam-Z standard deviation, even in targets that are spectrally featureless. Though
the mis-quantifications from L/R0B and R3 are greater than standard deviation, RMSE for these
filters is consistent with the other color and narrowband filters.
The calibration process for Mastcam-Z additionally provided an opportunity for validating
the WWU planar goniometer. Absolute reflectance values in spectra collected with the WWU
planar goniometer are both internally and externally inconsistent, but the location and depth of
absorption features is reliable. Goniometer data yields different overall reflectance values from
data collected with the contact probe connected to the same spectrometer, and scattering
patterns, which are determined by overall reflectance, are inconsistent between two data sets of
different viewing geometries collected with the spectrometer. These inconsistencies raise
serious concerns about the accuracy and reproducibility of absolute reflectance values collected
by the goniometer. Possible sources of these inconsistencies are the light source used in the
goniometer and damage to the white reference material Spectralon. With a new hemispheric
goniometer arriving in early 2021, I recommend that the cleaning procedures for Spectralon are
carried out to avoid transferring any error due to damage or contamination of the Spectralon to
the new instrument.
Mastcam-Z has four filters that are duplicated in each eye, and a standardized reporting
method is needed before data begins returning from Mars. In this study, reflectance and
standard deviation from wavelengths duplicated in each eye are reported separately, but a
single reflectance value at each wavelength would make graphing and data manipulation more
streamlines. Standardized reporting with a single reflectance value for each wavelength would
also ensure consistent data reporting regardless of lab or locale, as spectra from Mastcam-Z will
be used by labs around the US and the world.
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Chapter two provides a novel look into the photometric behavior of pure ferric coatings
on basalt sands and lays groundwork for continued investigation. This study is the first, to our
knowledge, to adhere pure ferric material to basalt and examine its photometric behavior. The
nanohematite did not adhere evenly distributed across the sand surface, as expected based on
the adapted methodology, but was deposited as spherical adhesions concentration in crack and
crevices of the grain. It is unclear whether the cracks and crevices mode of adhesion is
representative of natural ferric coatings on sand and further study into naturally ferric coated
sands would provide insight. Also significant is the adherence of a coating to sand rather than
polished slabs, as most photometric studies of any type of coating have examined coatings on
slabs. Grain size and texture are known to affect photometry and basalt sand is abundant on the
surface of Mars, which makes understanding the photometry of coatings on basalt sand a vital
step in interpreting spectral data from Mars. The study of coated sands also paves the way for
the study of the photometric behavior of coatings and rinds of lithified sedimentary rocks, which
are understudied despite their abundance on the Martian surface.
Ferric coatings on sand in this study made the greatest impact on photometry at shorter
wavelengths and minimal to no impact on the spectra at longer wavelengths compared to the
spectra of uncoated sand. Nanohematite has a strong absorption in the UV that bleeds into the
visible wavelengths and, though the absorption is present in uncoated basalt as well, the UV
absorption feature is the most clearly and consistently deeper in the ferric-coated sands. The
slope between UV absorptions and a local maximum ~700nm is steeper in coated due to the
greater absorption in coated sands in the UV wavelengths. The center of the ~700nm
absorption shifts shortward for ferric coated basalt sand relative to uncoated basalt by 0-40 nm,
but depending on viewing geometry. Regardless, a shift of 40 nm would not be detectable by
the limited filter bands of Mastcam-Z. Above ~1000 nm, the photometry of coated and uncoated
sands is nearly identical for all metrics. Except for the UV absorption, band depth of absorption
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features does not appear to be affected by the addition of ferric coatings in the observed VNIR
wavelengths, which makes band depth a poor metric for identifying ferric coatings.
The ferric coatings in this study are thin, which contributes to the spectra of the basalt
sand dominating in coated samples. The methodology used to adhere nanohematite to sands
relies on Si-O-Fe bonds, for which bonding sites are abundant on quartz sand, but significantly
reduced for basalt sand, which lead to a relatively thin coating of nanohematite on the basalt
sand. Furthermore, the model in section 2.4.2 demonstrates that the cracks and crevices mode
of adhesion leads to pathways of light through the coating that are shorter than the shortest
possible pathways for an even coating. Less ferric material in the coating and optical thinness of
the mode of adhesion both lead to a relatively optically transparent coating consistent with the
wavelength dependent and minimal impact of ferric coatings on spectra seen in this study.
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Appendix I: RMSE, Normalized WWU calibration geometries v Mastcam-Z
1. Whole spectra
Distribution of RMSE by viewing geometry
(Colors highlighting RMSE value ranges in the left column here correlate to color coding in the
subsequent “RMSE by Geoboard target” table below)
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2. Broadband filters
Distribution of RMSE by viewing geometry
(Colors highlighting RMSE value ranges in the left column here correlate to color coding in the
subsequent “RMSE by Geoboard target” table below)
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3. Narrowband filters
Distribution of RMSE by viewing geometry
(Colors highlighting RMSE value ranges in the left column here correlate to color coding in the
subsequent “RMSE by Geoboard target” table below)
RMSE

i = -29 e = 0

i = -34 e = 0

i = -39 e = 0

i = -60 e = 0

total

<0.01

33%

31%

28%

26%

29%

0.01-0.03

59%

62%

64%

62%

62%

<0.03

92%

92%

92%

87%

91%

0.03-0.05

5%

5%

5%

13%

7%

>0.05

3%

3%

3%

0%

2%

RMSE by Geoboard target
Sample

i=-29 e=0

i=-34 e=0

i=-39 e=0

i=-60 e=0

average

MCZ-01-black(02)

0.0064

0.0067

0.0064

0.0069

0.0066

MCZ-01-gray(05)

0.0047

0.0047

0.0045

0.0047

0.0047

MCZ-01-gray(10)

0.0042

0.0042

0.0041

0.0043

0.0042

MCZ-01-gray(40)

0.0209

0.0228

0.0257

0.0264

0.0239

MCZ-01-gray(60)

0.0173

0.0163

0.0174

0.0235

0.0186

MCZ-01-gray(80)

0.0236

0.0228

0.0223

0.0252

0.0235

MCZ-01-white(99)

0.0147

0.0137

0.0141

0.0151

0.0144

MCZ-03

0.0177

0.0172

0.0206

0.0285

0.0210

MCZ-04

0.0054

0.0056

0.0067

0.0069

0.0061

MCZ-06-cyan

0.0324

0.0333

0.0327

0.0208

0.0298

MCZ-06-green

0.0260

0.0251

0.0226

0.0136

0.0218

MCZ-06-red

0.0105

0.0121

0.0153

0.0102

0.0120

MCZ-06-yellow

0.0103

0.0113

0.0142

0.0098

0.0114

MCZ-06-gray33

0.0102

0.0146

0.0130

0.0174

0.0138

MCZ-06-gray70

0.0095

0.0148

0.0081

0.0222

0.0136

MCZ-06-black

0.0181

0.0209

0.0229

0.0247

0.0217

MCZ-06-AluWhite

0.0129

0.0130

0.0123

0.0205

0.0147

MCZ-08

0.0161

0.0175

0.0202

0.0295

0.0208

136

MCZ-09

0.0064

0.0065

0.0066

0.0070

0.0066

MCZ-10

0.0257

0.0221

0.0192

0.0306

0.0244

MCZ-11

0.0085

0.0088

0.0092

0.0343

0.0152

MCZ-12

0.0057

0.0057

0.0057

0.0063

0.0059

MCZ-15

0.0107

0.0120

0.0137

0.0147

0.0128

MCZ-16

0.0185

0.0167

0.0161

0.0178

0.0173

MCZ-17

0.0157

0.0192

0.0193

0.0243

0.0197

MCZ-18

0.0193

0.0193

0.0201

0.0164

0.0188

MCZ-19

0.0106

0.0105

0.0108

0.0116

0.0109

MCZ-20

0.0130

0.0175

0.0197

0.0242

0.0186

MCZ-21

0.0103

0.0102

0.0102

0.0083

0.0097

MCZ-22

0.0091

0.0089

0.0088

0.0091

0.0090

MCZ-23-blue

0.0266

0.0220

0.0275

0.0402

0.0291

MCZ-23-green

0.0120

0.0127

0.0128

0.0272

0.0162

MCZ-23-red

0.0390

0.0364

0.0408

0.0417

0.0395

MCZ-23-yellow

0.0159

0.0146

0.0164

0.0200

0.0167

MCZ-25

0.0072

0.0064

0.0073

0.0120

0.0082

MCZ-27

0.0093

0.0098

0.0109

0.0158

0.0114

MCZ-28-white

0.0575

0.0575

0.0563

0.0433

0.0537

MCZ-28-blue

0.0060

0.0084

0.0112

0.0270

0.0131

MCZ-28-dark

0.0076

0.0078

0.0082

0.0093

0.0082

137

Appendix II: Geoboard Target Images and Spectra
The following are images of the geoboard targets acquired in the lab, paired with graphs showing WWU calibration geometry data
spectra normalized to 754 nm and spectra collected by Mastcam-Z during calibration.
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Appendix III: Columbia River Flood Basalt sample collection, 2019
Basalt rock sample collection locations in Central Washington were determined based
on availability of Columbia River Basalt (CRB) flow material at the surface, accessibility of the
site, and the diversity of flow units that could be collected in a weekend field outing, each of
which was determined from a combination of land ownership data, aerial imagery, LIDAR,
USGS geologic maps, and scouting in the field. Availability of relevant samples were
determined on a site-by-site basis using a combination of USGS geologic maps to determine
what basaltic units of interest may be at or near the surface, and aerial imagery to identify easily
sampleable outcrops. After desirable sample sites were identified, the accessibility of each site
was assessed using land ownership data, publicly available road data, and aerial imagery to
identify unincorporated roads and trails. Ideally accessible sites were located on public land, on
or near (≤ 0.25 miles) a drivable, public road or trail, and accessible via only public roads. Sites
that existed on public land but required crossing private property, or sites whose apparentlydrivable routes were inaccessible upon arrival were eliminated as potential sample sites. Over
20 sites were identified as desirable sample sites, 10 sites were determined to be accessible,
and the three easiest accessible sites were sampled. Figure III.i shows the 10 accessible sites,
Figure III.ii shows the sites where rock was collected and Table III.i shows the GPS coordinates
and flow unit for each sampled site.
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Table III.i: Site name, location, and flow unit for sample locations, summer 2019.
Site name

GPS coordinates

Flow Unit

14A

46.791893, -119.445026

Saddle Mountain, Asotin Member

14B

46.791936, -119.441941

Saddle Mountain, Asotin Member

14C

46.796942, -119.444096

Saddle Mountain, Asotin Member

21A

46.801412, -119.922463

Grand Ronde, Sentinel Bluffs Member

21B

46.80122, -119.922619

Grand Ronde, Sentinel Bluffs Member

21C

46.80078, -119.923783

Grand Ronde, Basalt of Schwana (?), Umtanum

23

47.588558, -119.34125

Grand Ronde, Undifferentiated
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Figure III.i: Map of potential sampling sites for summer, 2019 and approximate sampling plan.
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Figure III.ii: Map of actual sampling sites for summer, 2019
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Appendix IV: Ferric Coating Example Lab Methodology

Note:
Both reference papers use silica (cristobalite) sand and goethite nanoparticles as “standard
materials”, but both note that the methodology for quartz sand and other iron oxides is
comparable, with adjustments to pH to accommodate the different point of zero charge (PZC)
with different materials. Adherence of ferric oxides to lower-silica-content sand (such as basalt
sand) is possible but yields a sparser coating due to fewer available bonding sites.

Introduction:
The following is a standard operating procedure for adhering a coating of ferric nanoparticles to
the surface of sand grains. This procedure is based on Scheidegger et al. (1993), and Schwertmann
& Cornell (2000).

Materials:
•

•

•
•

•
•
•
•
•
•
•
•
•
•
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100mg nanophase iron oxide (III) such as hematite
 (Scheidegger et al., 1993) calls for the iron oxide to be washed with an acid, a
base, brought back to neutral and dried.)
 (Schwertmann & Cornell, 2000) does not call for any such procedure
 This study did not wash the iron oxide
2.5 g cristobalite, quartz, or other sand (125-250um)
 Adherence reaction creates Fe-O-Si bonds; sand that is not pure/nearly pure
silica may require different pH and/or molar concentration than that described in
the procedure below to achieve adherence.
0.1M HNO3 (Nitric Acid) to adjust pH
1M NaNO3 (Sodium Nitrate)
 0.01M likely ideal for iron oxide coating reaction, but may be variable based on
experimental results or deviation from standard materials (Scheidegger et al.,
1993; Schwertmann & Cornell, 2000) – dilution instruction in “Method” section.
• Scheidegger at al., 1993 contains a highly detailed discussion of the
effects of pH and molarity on the adherence of ferric oxide to silica sand
 1.0 M for rinsing, depending on molarity and pH of reaction solution. See
Scheidegger et al. (1993) and Schwertmann & Cornell (2000) for discussion
about effects of high molarity and pH near the PZC and their effects on
adherence and need for rinsing.
50ml centrifuge tubes
• pH probe
nylon wet sieve (63 um)
• 250 ml glass beaker (x2)
oven capable of 110° C
• 50ml glass beaker (x2)
Lab coat
• Glass stir rod
Chemical splash goggles
• DI water in squeeze dispenser
Lab rotator
• Masking tape and sharpie
Nitrile gloves
• Spill clean-up materials → inert
Test tube holder tray
absorbent material such as kitty litter
1 Micropipette and disposable tips
100ml graduated cylinder (x1)

Method:
1.
2.
3.
4.
5.
6.
7.

The procedure will take ~48 hours.
Label the 250ml beaker with your name, the date, and “0.01M NaNO3”
Label the other 250ml beaker with “Waste” and use as a vessel to catch rinse liquid
Label one of the 50ml beakers “1M NaNO3 (Sodium nitrate)”.
Label the other 50ml beaker “0.1M HNO3 (Nitric acid)”.
Label each centrifuge tube with the desired pH, molarity, sand type, and ferric oxide.
Dilute the NaNO3 solution from 1M to 0.01M (or other desired strength). Steps below are
for 1M to 0.01M– skip if using a pre-diluted solution. Scale up as needed for larger
numbers of samples.
a. Pour a small amount (<5ml) of 1M NaNO3 into the appropriately labeled beaker.
b. Using the micropipette, measure a 1ml aliquot of 1M NaNO3 and transfer into the
labeled 250ml beaker.
c. Using graduated cylinder, measure 99ml of DI water and add to the NaNO3 in
the 250ml beaker, bringing the volume to 100ml total.
8. Adjust pH to 2 (or other desired pH) using dilute HNO3 by following the steps below. See
Scheidegger et al. (1993) for discussion of effect of pH on adherence.
a. Pour a *very* small amount of HNO3 into the appropriately labeled 50ml beaker.
b. Measure the pH of the 0.01M NaNO3 solution in the centrifuge tube using a
probe or test strip. It should be neutral.
c. Using micropipette, add 0.05mL 0.1M HNO3 to the centrifuge tube to lower the
pH. Rinse the pH probe with DI water between measurements.
d. Transfer 10ml of the pH-adjusted 0.01M NaNO3 solution into a 50ml centrifuge
tube using a fresh pipette tip and place in the centrifuge tube rack.
9. Repeat 8b-d for as many as 11 more centrifuge tubes/pH solutions. Store any remaining
NaNO3 in a labeled, sealed plastic or glass container for future use if desired.
10. Add 100mg of iron oxide nanoparticles to each 50 ml centrifuge tube. Cap the centrifuge
tube, taking care that the cap is fully sealed.
11. Place the centrifuge tubes containing the iron oxide and NaNO3 solution to the outermost
slots of the lab rotator at room temperature and rotate for 24 hours to continuously mix
the solution.
…
12. Add 2.5g sand and rotate for an additional 24 hours.
…
13. Allow the sand grains to settle and measure the pH of the supernatant. Make more salt
solution matching the measured pH and concentration of the supernatant.
14. Progressively add more salt solution to the centrifuge tube, resuspending the
supernatant and sand, and then decanting the liquid. Repeat several times to remove
non-adhered ferric oxide from the sand grains.
15. Wet sieve the coated sand with DI water through a 63um nylon sieve.
16. Oven dry the newly coated sand at 110°C for at least 24 hours.

Procedure based on:
Scheidegger, A., Borkovec, M., & Sticher, H. (1993). Coating of silica sand with goethite:
preparation and analytical identification. Geoderma, (58), 43–65.
Schwertmann, U., & Cornell, R. M. (2000). Iron oxides in the laboratory: preparation and
characterization (2nd completely rev. and extended ed). Weinheim; New York: WileyVCH.
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Appendix V: Spectral analyses for coated and uncoated quartz and basalt sands
Quartz-Dominant Sands
Band centers and depths, 750 to 1000 nm

Figure IV.i: (a) Spectra for coated and uncoated quartz dominant sands, normalized to 690 nm
with uncoated quartz offset by -0.1 (a1), and nanohematite (a2). Both graphs show the region of
interest, 750 nm to 1000 nm, between two vertical black lines. (B) through (e) as labeled. The
horizontal green lines in b and c represent the value for band center and depth, respectively, for
the pure nanohematite spectra collected with the contact probe (i = 12, e = 35) over the interval
of interest.
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Band centers and depths, 1875 to 2040 nm

Figure IV.ii: (a) Spectra for coated and uncoated quartz dominant sands, normalized to 690 nm
with uncoated quartz offset by -0.1 (a1), and nanohematite (a2). Both graphs show the region of
interest, 1875 nm to 2040 nm, between two vertical black lines. (B1) through (C3) as labeled.
The horizontal green lines in b1 and c1 represent the value for band center and depth,
respectively, for the pure nanohematite spectra collected with the contact probe (i = 12, e = 35)
over the interval of interest.
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Band centers and depths, 2130 to 2300 nm

Figure IV.iii: (a) Spectra for coated and uncoated quartz dominant sands, normalized to 690 nm
with uncoated quartz offset by -0.1 (a1), and nanohematite (a2). Both graphs show the region of
interest, 2130 nm to 2300 nm, between two vertical black lines. (B1) through (C3) as labeled.
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Reflectance

Figure IV.iv: Reflectance versus (e, i) for coated (left) and uncoated (right) sands at four
wavelength intervals as labeled. Note that the color scales between coated and uncoated sands
for the interval 425 to 475 nm (top row) are different from each other.
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Slopes, 525 to 725 nm

Figure IV.v: (a) Spectra for coated and uncoated quartz dominant sands, normalized to 690 nm
with uncoated quartz offset by -0.1 and the region of interest, 525 to 725 nm, shown between
two vertical black lines. (B) through (d) as labeled. The horizontal green lines in (b) represent
the slope value for the pure nanohematite spectra collected with the contact probe (i = 12, e =
35) over the interval of interest
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Slopes,1450 to 1800 nm

Figure IV.vi: (a) Spectra for coated and uncoated quartz dominant sands, normalized to 690 nm
with uncoated quartz offset by -0.1 and the region of interest, 1450 nm to 1800 nm, shown
between two vertical black lines. (B) through (d) as labeled. The horizontal green line in (b)
represent the slope value for the pure nanohematite spectra collected with the contact probe (i =
12, e = 35) over the interval of interest.
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Long Slopes

Figure IV.vii: Spectral slopes for long intervals (> 700 nm) as labeled.
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Basalt Sands
Band centers and depths, 500 to 955 nm

Figure IV.viii: (a) Spectra for coated and uncoated basalt sands, normalized to 690 nm with
uncoated basalt offset by -0.4 The regions of interest, 500 nm to 850 nm for uncoated basalt
and 530 to 955 nm for coated basalt are shown between two vertical blue and red lines,
respectively. (B) through (d) as labeled. The horizontal green line in b represents the local
maximuma band center for the pure nanohematite spectra collected with the contact probe (i =
12, e = 35) over the interval of interest.
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Band centers and depths, 750 to 1150 nm

Figure IV.ix: (a) Spectra for coated and uncoated basalt sands, normalized to 690 nm with
uncoated basalt offset by -0.4 (left), and nanohematite (right) The region of interest, 750 nm to
1150 nm is shown between two vertical black lines. (B) and (c) as labeled
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Band centers and depths, 1800 to 2050 nm

Figure IV.x: (a) Spectra for coated and uncoated basalt sands, normalized to 690 nm with
uncoated basalt offset by -0.4 (left), and nanohematite (right) The region of interest, 1800 nm to
2050 nm, is shown between two vertical black lines. (B) and (c) as labeled.
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Band centers and depths, 2140 to 2320 nm

Figure IV.xi: (a) Spectra for coated and uncoated basalt sands, normalized to 690 nm with
uncoated basalt offset by -0.4 (left), and nanohematite (right) The region of interest, 1800 nm to
2050 nm, is shown between two vertical black lines. (B) and (c) as labeled.
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Reflectance

Figure IV.xii: Reflectance versus (e, i) for coated (left) and uncoated (right) sands at four
wavelength intervals as labeled.
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Slopes, 475 to 600 nm

Figure IV.xiii: (a) Spectra for coated and uncoated basalt sands, normalized to 690 nm with
uncoated basalt offset by -0.4 and the region of interest, 475 nm to 600 nm, shown between two
vertical black lines. (B) through (d) as labeled. The horizontal green line in (b) represent the
slope value for the pure nanohematite spectra collected with the contact probe (i = 12, e = 35)
over the interval of interest.
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Slopes, 810 to 950 nm

Figure IV.xiv: (a) Spectra for coated and uncoated basalt sands, normalized to 690 nm with
uncoated basalt offset by -0.4 and the region of interest, 810 nm to 950 nm, shown between two
vertical black lines. (B) through (d) as labeled.
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Slopes, 1910 to 2120 nm

Figure IV.xv: (a) Spectra for coated and uncoated basalt sands, normalized to 690 nm with
uncoated basalt offset by -0.4 and the region of interest, 810 nm to 950 nm, shown between two
vertical black lines. (b) Spectra of pure nanohematite collected with the contact probe at i = 12,
e = 35 with the region of interest between two vertical black lines. (C) through (e) as labeled.
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Long Slopes

Figure IV.xvi: Spectral slopes for long intervals (> 700 nm) as labeled.
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